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SUMMARY AND CONCLUSIONS
1. Electrode Studies
1.1 Electrochemical Engineering Model For Porous Electrodes
Theoretical and experimental models for the evaluation of current
distribution in flooded, porous electrodes were reviewed and discussed. An
approximation for the local current distribution function was derived for
conditions of a linear overpotential, a uniform concentration, and a very
conductive matrix. By considering the porous electrode to be an analog of
chemical catalyst structures, a dimensionless performance parameter was
derived from the approximated current distribution function. In this manner
the electrode behavior was characterized in terms of an electrochemical
Thiele parameter and an effectiveness factor.
It has been shown that the electrochemical engineering approach
makes possible the organizations of theoretical descriptions and of practical
experience in the form of dimensionless parameters, such as the electrochemical
Thiele parameters, and hence provides useful information for the design of
new electrochemical systems.
The described dimensionless parameters should be applied to the
elucidation of the operation of electrochemical cells and to the design of
new electrochemical systems. This procedure would enable evaluation or
development programs for batteries to be conducted more systematically and
with a fuller understanding of the phenomena observed.
1.2 Optical Luminance Technique
An optical and non-destructive luminance technique, explored in a
preliminary way, was developed to speed up the evaluation of the electrochemical
Thiele parameter. The combination of the optical luminance technique and the
electrochemical engineering approach opens the way for in situ measurements
of conversion in porous electrodes and extends the understanding of porous
electrode behavior in actual operating conditions, permitting rational design
of battery plates for specific applications.
1.3 Luminance Experiments of Model Porous Electrodes
This technique allows the direct description of interrelatable
parameters which affect electrode utilization. These parameters can, in turn,
be used to aid in the description of optimum plates. In a model system
simulating the forming process of the positive plates of the lead -acid battery
system, it was shown that reflectance measurements correlate well with the
conversion of PbSO, to PbO . This reflectance technique, which is non -destructive,
should be generally usable as a measurement for determining the depth of penetration
of reactions in electrodes. It is thus applicable as a method for evaluating
cycle -life performance as well as a diagnostic, tool for battery development
programs .
2. Transport Studies
2.1 An Improved Model For Capillary Diffusion With No External Stirring
An improved model was devised for capillary diffusion. The average
capillary concentration as a function of time was determined by a computer
simulation of the diffusion process from a capillary into an infinite,
stationary medium. The results can be used as a basis for the experimental
determination of diffusivities, since they offer the means to eliminate the
usual errors associated with stirring and to correct results obtained without
stirring but using the zero concentration boundary solution.
The diffusion coefficient is directly associated with the limiting
current density in an electrode reaction and is thus essential for characterizing
the properties of batteries. The method for determining the diffusion coefficient,
vhich has been described here, should be incorporated into those battery
\
development programs which are structured to include complete physical and
electrochemical studies. The advantage of the non-stir method is its
simplicity and speed, with accurate D values obtainable in 2 to h hour
experimental times.
2.2 Measurement of Zincate Permeation in a Polyethylene Battery
Separator With Controlled External Hydrodynamic Conditions
Effective diffusion coefficients of zincate ion through the GX
separator film in kO% KOH solution were determined as a function of temperature
with various zincate concentration gradients across the membrane; an impulse-
response technique on a rotating disc system was used. A determination of the
diffusion coefficient can be made in about 30 minutes with this apparatus. An
- 7 2 - 1 o
apparent diffusivity for zincate of 1.2 X 10 cm sec at 25 C was calculated;
the value was independent of zincate concentration up to 0.57 M ZnO in U0$ KOH.
An activation energy of 6.1 kcal/mol in the temperature range of 11 - 27 C was
calculated for the diffusion of the zincate ion in this membrane.
This technique for the determination of the apparent diffusion
coefficients in membranes in conjunction with the method developed for free elec-
trolyte, Sec. 2.1, can be of great service in characterizing the structure and
physical-chemical nature of battery separator materials.
RECOMMENDATIONS
The sections which comprise this contract report were performed in the
framework of an electrochemical engineering approach to the problems of real
battery systems. The effort of this contract has concentrated on bridging the
gap which exists between actual battery technology and the approach taken by the
theoretician. The work of this contract has been directed so as to fill
existing gaps and also to develop new ideas which simplify understanding of
•L.
battery behavior. Experimental methods were also developed to accompany the
iii
simplified treatment of batteries so that relevant data could be obtained
rapidly in a non-destructive mode suitable for monitoring battery behavior
during cycle life testing. The approximate methods developed have a sound
basis and have been favored over models which,.even though precisely computed,
bear little relation to real battery behavior.
The direction taken by this research continues to be a practical approach
for emphasizing the badly needed addition of scientific engineering to battery
technology. Although the emphasis has been on methods to gather decisive
information for the characterization of separators and to permit rational
design which allows for the extent of active material utilization in plates,
this effort is only a beginning. Since battery evaluation and development
programs are basically dependent upon similar electrochemical engineering
studies, such studies must become an intrinsic part of these battery programs.
This is the general recommendation of this contract.
iv
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1. ELECTRODE STUDIES
1.1 ELECTROCHEMICAL ENGINEERING MODEL FOR POROUS ELECTRODES
1.1.1 INTRODUCTION
In the design of battery plates for specific applications,
it is desirable to be able to specify the thickness and surface
area and thus the weight of the electrodes so that excess mate-
rial is not unnecessarily used. In order to be specific about
a particular cycle life and depth of discharge, it is necessary
to know the depth of penetration of reaction into the porous
electrode, i.e., the current distribution.
There are many mathematical treatments for simplified
systems, originally inspired by fuel cell reactions. For battery
electrodes, the changing morphology adds complexity to the mathe-
matics. The data obtained on model configurations cannot be
extrapolated to practical systems with any degree of confidence.
Consequently, detailed experiments on actual battery elec-
trodes are necessary in order to determine current distribution
under actual operating conditions.
Electrodes which are porous have come into widespread use
in electrochemical energy conversion devices because in these
the electrochemical reaction takes place with a higher rate per
unit volume and is accompanied by a lower polarization than
would be possible with non-porous electrodes. Accordingly,
' CD
(2)
almost all batteries and fuel cells employ porous electrodes of
some kind (1). The effectiveness of using such electrodes can
be governed by the macrokinetic nature of the electrode process,
resulting in an uneven distribution of the electrode reaction
throughout the volume of the electrode.
The prediction of the performance of porous electrodes is
of considerable interest, because a knowledge of their behavior
under varying conditions of operation is essential for prelimin-
ary design and evaluation of battery systems. Various idealized
mathematical models have been proposed to explain the operation
of porous electrodes (see Section 1.1.2). Theoretically calcu-
lated distributions of the electrode reaction (i.e., the current
distribution) have been used for characterization of performance.
The analytical solutions are obtained for very special condi-
tions, the numerical solutions under more general ones.
Less frequently, an empirical approach Using experimental
techniques has been used for verification of predicted current
distribution profiles. In this work, an experimental technique
is developed for measuring reaction distributions in combination
with an electrochemical engineering approach in which the operat-
ing parameters are grouped in appropriate correlative parameters.
The ultimate goal of this work is to permit batteries to be
designed for specific applications and to predict battery be-
havior.
(3)
An electrochemical engineering approach to the porous
electrode will identify an electrochemical Thiele parameter (a
measure for the uniformity of the current distribution) and an
effectiveness factor (a measure of the efficiency of the elec-
trode) in a general analogy with heterogeneous catalysis (see
Section 1.1.3).
It is the purpose of the present work to develop a new
technique for measuring the reaction distribution within
flooded porous electrodes without sectioning or otherwise alter-
ing the electrodes before and during operation.
The method is based on determination of the spectral
luminance from the rear side of the porous model electrode. By
detecting the arrival of, e.g., discharge, at the rear of porous
electrodes of various thicknesses by optical changes, the same
discharge profile data as obtained from the slicing technique
may be. finally assembled. The optical luminance technique will
be able to map out the local distribution of reaction by limiting
the light spot size and also will be able to test the performance
and cycle life for various cycle behavior and temperatures, etc.,
so that batteries may be designed for specific applications.
On the other hand, an electrochemical engineering model will
be discussed for the evaluation of effectiveness factor and elec-
trochemical Thiele parameter that will permit us to incorporate
the luminance information equivalent to several slicing and
(4)
chemical analysis experiments.
1.1.2 MODELS FOR POROUS ELECTRODES
Many models have been developed for flooded porous elec-
trodes (porous electrodes whose void spaces are completely filled
with liquid electrolyte) employed in primary and secondary
batteries.
In a flooded porous electrode, the reacting species are
transported through the pores, to and from the reaction sites
within the electrode. It is clear that the interface deep within
the porous body is less accessible to the reacting species than
near the entrance of a pore. Evidently, the extended inner sur-
\
face of a flooded porous electrode is not uniformly accessible
to the reacting species, regardless of the geometry of the ex-
terior surface of the electrode. As a consequence, the local
rate of electrode reaction per unit interfacial area is unevenly
distributed throughout the porous body.
In the design of porous electrode systems, such as batteries,
it would be valuable to be able to predict the reaction distribu-
tion within the porous body and the potential variation during
discharge.
Theoretical treatment is difficult, especially when the
nature of the porous matrix changes with the extent of reaction
and when solid products are present within the pores of the
electrode. It is importantt however, to know whether these
(5)
models can predict the correct behavior for simple experimental
systems for which they may be valid. Experimental measurement
will be necessary to test these predictions.
1..1.2.1 THEORETICAL MODELS
A one- dimensional model of porous electrodes is most fre-
quently used. There are .essentially two approaches to the
problem of predicting the distribution of reaction in a flooded
electrode. Almost all investigators have used the macroscopic
approach, which treats the flooded electrode as a homogeneous
matrix in which there is transfer of current between electronic
and ionic modes of conduction according to basic laws of trans-
port phenomena and electrode kinetics. Figure 1.1-1 shows the
continuum model (macroscopic approach).
backing
pktfc
porous
.electro \v
Figure 1.1-1: Representation of one-dimensional
porous electrode reacting at one
side (continuum model) (2).
(6)
Both transient and steady state reaction distribution may be
determined as functions of kinetics, mass transfer and geometric
parameters.
A treatment by Euler and Nonnenmacher (3) employed a more
crude macroscopic model, dividing the electrode into thin lamina
which are subsequently replaced by equivalent circuits. The
electrode is treated as an equipotential matrix in Figure l.l-2a.
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Figure 1.1-2a: Representation of one-dimensional
porous electrode with thickness L
between backing plate (electron
feeder) and electrolyte (3).
For this model, a resistive network has been used, simu-
lating the current distribution by an electronic resistance (R ),
an ionic resistance (R,) and a transfer resistance (G) for every
laminum (Ax) (see Figure 1.l-2b).
(7)
Figure l.l-2b: Representation of the distributed
network model with an electronic
resistance.(Ra), an ionic resistance
(Rb)} a linear polarization (G) (in
case of linear overpotential) and the
overpotential between electrode and
electrolyte (T)) (3).
In this way, one accounts for resistances in both solid matrix
and electrolyte, overpotential and interfacial capacitance. It
is difficult, however, to use these more crude models to predict
the reaction distribution for realistic systems in which the
physical parameters vary with concentration and current distri-
bution. Nevertheless, these models give satisfactory results
for simple situations. Apart from special cases, only quali-
tative predictions are possible.
The current distribution function in case of a linear
overpotential results in a relation with hyperbolic functions (3)
VK
d£ • (K + c ) s inhv g- cosh V <1 -» + cosh W . (1.1-D
(8)
where dj /dy = local reaction rate; a = conductivity of
the matrix (ohm cm ); K = conductivity of the electrolyte
(ohm cm ); y = x/L, the fractional depth with L the
electrode thickness; and
v = y I/ a jQg (i + i) (1.1-2)
O Q -p
in which a represents the interfacial area (cm /cm ), —
RT
has its usual significance, and JQ is the exchange current
density (A cm ).
The microscopic approach treats a single pore to which is
ascribed a particular and extremely simple geometric configura-
tion (1). Based on this configuration (see Figure 1.1-3), the
reaction distribution could be obtained from the transport
relations.
Figure 1.1-3: Representation of a single pore
model for the analysis of current
distribution (1).
(9)
It is doubtful, however, that any porous matrix can be described
in such a simple fashion. The microscopic approach has been
extensively reviewed by R. de Levie (4).
For the simple cases, the single-pore model and the continuum
model.result in the same hyperbolic current distribution func-
tions.
A large number of theoretical analyses have appeared in
recent years. In what follows,, we shall not review this litera-
ture in detail but, rather, will mention only a few of the more
notable contributions. An extensive discussion may be found
in the monograph of de Levie (4).
The lengthy paper by Winsel (18) includes an analysis of
the transient processes accompanying the discharge of pores
charged with material having a specified coulombic capacity.
The interfacial resistance is constant until the coulombic
capacity is exceeded, when it becomes infinite; concentration
gradients in the electrolyte are neglected. The timewise pene-
tration of reaction into the pore is calculated for both galvano-
static and potentiostatic discharge.
Austin (19) developed a mathematical model which is applicable
to diffusion-type batteries. By use of the one-dimensional
approach in the steady state, a Tafel overpotential expression
was used and concentration variation was considered. However,
(10)
migration in the electrolyte was ignored, as was the resistivity
in the .electrode phase. An effectiveness factor for the utiliza-
tion of the electrode was defined which considered mass transfer
external to the porous electrode. The analysis led to a gross
overpotential relationship having as parameters the limiting and
exchange current densities and the effectiveness factor. With
the exception of the external mass transfer, the assumptions of
interest in this work are essentially the same as those of
Newman and Tobias (2). In a later paper, Austin (20) derived
a more general equation for both mass transport and ohmic effects
and presented solutions for limiting cases of low polarization
and high polarization, both with and without external mass trans-
fer and depending on the value of a dimensionless parameter,
which could be estimated.
Posey (11) reports exact and approximate methods for the
calculation of polarization in porous electrodes obeying Volmer
kinetics, but constrained to constant electrolyte composition.
Derivations are presented for finite and semi-finite electrodes,
and for various values of the transfer coefficient.
Grens and Tobias (21) were the first to use numerical tech-
niques carried out on digital computing machinery to analyze the
electrode behavior for both steady state and transient operation.
Electrode overpotential and current and concentration distribu-
tions are predicted as functions of operating conditions. No.
(11)
assumptions are made regarding the uniformity of electrolyte
conductivity or composition, and the changes in the porous
structure with time are neglected. Volmer, Tafel and linear
kinetic expressions are considered; Their macroscopic analysis
yields dimensionless groups of the system parameters necessary
to relate the reaction distribution to electrode geometry, mass
transfer and overpotential behavior. They give in their paper
an excellent review of previous work and an application of the
analysis of two representation electrodes.
In a later paper, Grens and Tobias (22) used the same
model to examine the influence of the reaction rate expression
. on the polarization of flooded porous electrodes. They deter-
mined the dependence of the over-all porous electrode polariza-
tion curve on the nature and parameters of the electrode kinetic
expression. It was their conclusion that asymptotic approxima-
tions .to the electrode kinetic expression, valid in the cases
of high or low current densities, must be applied to porous elec-
trodes with caution, since the reaction rate varies widely
throughout the electrode.
Euler (23) reviewed current distribution in and on porous
electrodes using analog models for initial current distribution
and steady-state, neglecting diffusion. Other geometric config-
urations were included.
. A more realistic analog model involving diffusion was used
(12)
by Euler (24) for battery plates during the charge and discharge
process.
The assumptions underlying theoretical models for flooded
porous electrodes and the influence of mass transfer on the
polarization were discussed by Grens (25). The assumption of
uniform electrolyte conductivity, appeared to be a very useful
approximation, so long as diffusion potential effects were
properly taken into account.
Anomalous reaction distributions were investigated by Euler
(26). The reason for anomalous distribution, whereby current
conversion is inversely distributed, low near the faces and high
in the center, lies in the specific ion and electron resistivi-
ties, which depend on the coordinate normal to the surface. In
contrast to the importance of the specific resistivity, the
overvoltage (polarization) has only small influence on the type
of current distribution.
Alkire, Grens and Tobias (27) proposed a theoretical model
for the description of flooded porous metal electrodes which
took into account the variation of pore configuration during
dissolution. They were the first to take into consideration
the variation of electrode structure with extent of reaction.
The operation of battery systems involves other effects beyond
those considered in this model. Typically, sparingly soluble
salts take part in the reactions during cycling. These salts
(13)
may be insulators or semi-conductors and hence may greatly
affect the potential "distribution within the electrode.
Very recently, a new model by Dunning, Bennion and Newman
(28) has been developed which considers transport of active
species within the porous electrode itself. It is the most
sophisticated macroscopic model to date. The transport of
species to and from the bulk solution is not considered, so the
model represents a rather special case. The active material is
assumed to be stored within the electrode in the form of small,
dispersed crystallites of low solubility. The reactants and
products of the electrochemical reaction tend to diffuse out
of the porous structure at very low rate. The mode thus corre-
sponds somewhat to the situation in a lead-lead sulfate negative
or cadmium hydroxide negative electrode in an actual battery.
In the cycling simulation, significant changes in the relative
distribution of reactants and products were observed as a func-
tion of depth in the electrode. It suggests an important
criterion by which possible new electrode systems could be
evaluated in terms of the solubility and diffusivity of the
active species.
The mathematical difficulties in the theoretical work
which takes into consideration the changes in electrode, structure
with the extent of reaction are so great that the experimental
approach would be recommended for the clarification of the per-
(14)
formance of porous electrodes.
1.1.2.2 EXPERIMENTAL MODELS
Several notable experimental studies have been conducted
in recent years. One of the first investigators was Daniel-Bekh
(5), who measured the distribution of the potential in the solu-r
tion within a polarized porous carbon electrode by inserting a
0.3 mm Luggin capillary in a hole drilled from the face of the
electrode. It is likely, however, that the presence of the
probe altered the distribution within the electrode. In addi-
tion, it was necessary to perform a double differentiation of
the potential distribution data in order to obtain the transfer
current distribution.
Coleman (6), investigating the current distribution of the
porous cathode of the Leclanche cell, is apparently the first
to use the sectioned electrode technique wherein the electrode is
divided into three sections (each 1 cm thick), each section insu-
lated from the others. The branch current through each section
is directly related to the average transfer rate throughout
each section. Coleman's Leclanche type cathodes, however, were
much thicker than the region of reaction. As a result, the
major portion of reaction occurred in the first section and it
was not possible to obtain a reaction distribution.
In a simple experiment, Brodd (7) measured the potential
along a manganese dioxide-carbon electrode (20 cm long and 1 cm
(15)
in diameter) at six locations during the passage of current.
Three different electrode mixtures were discharged at two
different current densities. The potential differences which
were measured were those between platinum wires contacting the
electrode phase and calomel reference electrodes contacting the
solutions phase. By interpreting the measured potential distribu-
tion to be related to the reaction distribution, the experimental
results can be considered as qualitative verification of the
theoretical predictions of Newman and Tobias (2). This technique
is of limited quantitative usefulness. The results are important
since they indicate that even simple theoretical models (such as
the Newman model) can lead to a qualitative understanding of
events occurring within the complicated electrode types.
Bro and Kang (8a) use an experimental technique which intro-
duces a minimal perturbation of the normal functioning of a
battery electrode. Sintered porous electrodes are discharged
-2galvanostatically at current densities between 2 mA cm and
_2
200 mA cm in 30% KOH at 25°C, and the.discharge profiles are
determined by slicing the electrodes into sections of about
0.04 cm thick, parallel with their front surfaces, and by chemi-
cally analyzing the individual sections to obtain histograms of
the discharge profiles. The discharge profiles are given by a
hyperbolic cosine function (8b).
(16)
q _ A cosh B (1 - y) - Q ^_^\
qn cosh BU
-3
where q = discharge density (mAh cm )
qn = stoichiometric charge density of fresh anode
(mAh cm )
A = depth of discharge at the front of the anode
B = performance parameter
y = x/L = fractional depth in the electrode
measured from the front surface with L = thickness
of the electrode.
The discharge profiles can be differentiated with respect to
time giving current distribution profiles. The resulting corre-
lations provide a means for calculating the efficiency and the
discharge profiles at any particular integral current density.
The slicing method used by Bro and Kang (8a,b) is tedious
and produces results which average out important local variations
caused by current distribution on a gross scale, such as across
the width of the electrode.
1.1.3 ELECTROCHEMICAL ENGINEERING APPROACH
1.1.3.1 POROUS ELECTRODE MODEL
The continuum model for porous electrodes has been adopted
in which the metal phase is considered as a virtual continuum
interspersed within the continuous electrolyte.
(17)
A universal approach has been to consider the potential
gradient in the metal phase and the potential gradient in the
electrolyte separately. When multiplied by the appropriate
conductivity, the gradient is a direct measure of the local
current density in each phase. The link between the electrolyte
arid electrode phase is made in terms of the potential difference
at this interface. This potential difference, or, more precisely,
change in the potential difference, is just the overpotential
of the electrode reaction which occurs at the electrode-
electrolyte interface within the porous structure (9).
All treatments of the porous electrode model mathematically
link the potential between the two phases with the local current
density (using Poissori's equation). For simplicity, it is con-
venient to think of the currents in each phase as being linked
by a perpendicular local electrochemical reaction current (9).
For purposes of the model considered, it is also conveni-
ent to think in terms of the overpotential as being all concen-
trated just at the interface. The functional relationship be-
tween the electrochemical current and the overpotential may be
considerably simplified by considering a linear behavior, i.e.,
a simple proportionality between overpotential and current den-
sity. A linearized version of the general rate equation (Butler-
Voliner equation) of electrode kinetics is (10):
(18)
'-' • _2
where J is the current density (A cm ) , z is the number of
electrons involved in the electrode reaction (equivalents per
mol), "f\ is the overpotential (Volts), T is the absolute tempera-
ture (degrees Kelvin), R is the gas constant (1.98 cal mol °K )
and F is the Faraday constant (23,060 cal volt g equiv ). The
parameter J~ is the exchange current density, a fundamental con-
cept of electrode kinetics and a direct index of the relative
reversibility of an electrode reaction (10).
Equation 1.1-4 is a limiting expression for a more complex
relation which leads to so-called Tafel behavior at large over-
potentials. Near room temperature, the linearized version is
valid for overpotentials which do not exceed about 10 mV (10).
Furthermore, for situations in which the over-all current den-
sity does not vary by more than a factor of 2 or 3 over the
entire length of the porous electrode, more complex current over-
potential relations such as the Tafel equation may be fitted by
a straight line approximation at some average current density
(9). Thus, the linearized version of the over-all treatment is
adequate for approximate evaluation of general current distribu-
tion behavior. Further mathematical details may be found in
the references (2,3,5) and in the review of Posey (11).
Equation 1.1-5 is the form of the results obtained from
solution of the appropriate second order (with respect to poten-
tial) differential equation, modified to account for metal con-
(19)
ductivity greater than for the electrolyte phase (see Section
1.1.2.1, Eqns. 1.1-1 and l;l-2):
N cosh JN(1 -f)
L. lj
J sinh N .
ave
_2
where J,
 A v is the local electrochemical reaction rate (A cm )(X/L)\ . .
at position x (x/L in dimensionless units) and the parameter N
is
a J o s - • - -
The X-axis begins at the free electrolyte surface of the porous
electrode; the position x = L is the location of the massive
collector electrode.
The parameter N is a measure of the uniformity of current
distribution and has the following meaning:
N « 1 uniform current distribution ,
N ~ 1 intermediate case
N > 1 poor uniformity
Figure 1.1-4 shows plots of Equation 1.1-5 for selected values
of N.
Interpretation of the parameter N can be obtained by con-
sidering some analogies with chemical kinetics and electrodeposi-
tion. In chemical kinetics, an effectiveness factor may be
found for first order reactions in catalyst pellets defined as
tanh N
N This concept can be equally used as an effectiveness
(20)
0 0,2 0,4 0.6
X/L-
O.S 1.0
Figure 1.1-4: Current distribution, J, /. v /J\x./LI ) ave
vs. depth, x/L, in porous electrode (9)
factor* for porous electrodes since it measures the extent to
which the average reaction rate .(J ) of the electrode approaches
.3VG
the reaction rate at the front surface Ux °^ t*ie
-
trode. The effectiveness factor may be found from Equation 1.1-5:
J
e.f. = ave _ sinh NJ(xA=o) = N cosh N
2 .
tanh N
N d.1-7)
In the effectiveness factor, N is the Thiele parameter; when
associated with gas phase catalysis, it is a measure pf the rate
(21)
of chemical surface reaction, and the rate of diffusion into the
porous structure. We arrive at a consistent description, there-
2fore, if we identify N as the electrochemical Thiele parameter as
.T2 faradaic admittance ,, , ONJN = —: : : (l.l-o)ionic conductance
In another approach, the parameter N may be related to the
throwing power parameter in plating (12), containing a measure
of the solution conductivity, the rate of change of overpotential
with current, which is in itself a virtual interface resistance
and a scale factor. This more developed formulation can be
obtained by using the following equations:
' RT d-n •
 n -, QNT^T ~ "J~T \^'*-~yJzFJQ dj v
where dT]/dJ represents the slope of the linear polarization
curve (polarizability) and
S interfacial area const. .,, ^
 inNa = rr = q : = —3 (1.1-1UJV volume d '
P
* 2 3
where a represents the specific surface (cm /cm ). Typically
for cubes and spheres, a = 6/d , in which d is the particle
diameter.
A throwing power-size parameter for porous electrodes may
be formulated by inverting and squaring Equation 1.1-6 and using
the Equations 1.1-9 and 1.1-10 as
(1.1-11)
(22)
where L = characteristic length, i.e., electrode thickness
(cm), dT)/dJ = current voltage slope, d = particle diameter
(cm), and K = solution conductivity (ohm cm ). This slightly
rearranged form leads to the product of two dimensionless
groups: the throwing power parameter (left bracket, Equation
1.1-11) and the scale ratio of particle size to electrode
length. .
It is clear from Figure 1.1-4 that nearly uniformvcurrent
is assured when the dimensionless groups are numerically greater
-2
than unity (N > 1). A suitable criterion to test uniform
current distribution may be based on equalislopes for the distri-
bution curve equation (1.1-5), at the extremities y = 0 and
y = L. The requirement will be that
N
tanh N
N
sinh N
x/L=0
d.1-12)
x/L=l
From the properties of hyperbolic functions or the simpler
exponential functions on which they are based, Equation 1.1-12
is satisfied to within 170 or better if the throwing power-size
_2
ratio parameter N is greater than 6 or the electrochemical
Thiele parameter N is less than 0.4 with the effectiveness factor
tanh N _ ,
N. ~ Lt
This result may be taken as a general requirement for
(23)
porous electrodes without regard to geometry, provided the
characteristic dimension, L, is properly specified.
1.1.3.2 DISCUSSION
In the analysis of the performance characteristics of
porous electrodes on the basis of the linear rate law, only
activation control has been taken into account under the
assumptions that concentration changes of depolarizer and
supporting electrolyte are negligible (i.e., mass transport
effects are negligible). Other kinds of controlling factors,
such as internal mass transport, internal ohmic control and
external mass transport, are not considered.
Kzenzhek and Stender (13) derived from the single pore
model a characteristic penetration depth of the reaction
, T a K (i.i-i3a)
*" ' 0 ,
and a reduced pore length
X = L/x_ (l.l-13b)
Is
in which L is the pore length. It can be easily shown that X
in Equation l.l-13b is. identical with the electrochemical Thiele
parameter.
Kzenzhek (14) introduced a definition for the efficiency
of a porous electrode of a finite thickness. According to his
definition, the effectiveness of utilization, or efficiency, of
(24)
a porous electrode of a given thickness L was found to be
aL i(y=0) (1.1-14)
where I is the current per unit apparent surface area of the
electrode, a represents the specific surface area of the elec-
trode, and i(y=0) represents the true current density of the
frontal surface, derived from the general local current distri-
bution correlation. Kzenzhek derived the following expression
for the electrode efficiency in the low current region for thin
electrodes (constant concentrations throughout the volume of
electrode):
1
X coth X (1.1-15)
where X is the reduced pore length. This formula is in com-
plete harmony with Equation 1.1-8 for the effectiveness factor.
Gurevich and Bagotskii (15), treating the porous electrode
in a more general theoretical approach, considered all modes of
losses (both polarization losses and ohmic losses) for an electrode
of finite thickness in a macroscopic model. For the low polari-
zation range, the efficiency for the porous electrode is described
by the following equation [using the definition for the effect-
iveness from Kzenzhek (143 :
(25)
aL i(y=0) ~ X1 coth X1 (1.1-16)
where X1 contains dimensionless groups related to exterior
and interior diffusion transport, polarizability and ohmic re-
sistance, limiting current density and effective exchange
current density, etc. For the high polarization range, an
expression has been derived for the electrode efficiency that
differs greatly from the form in Equation 1.1-16. Consequently,
no generalized expression for the electrode efficiency in the
relevant range of polarizations can be found.
Drossbach (16) has developed special conditions on macro-
scopic model patterned for similarity theory in order to obtain
an experimental model for the current distribution in porous
electrodes. An electrochemical analog for Nusselt number has
been derived:
—— = constant (1.1-17)LI
where K = conductivity of the electrolyte, b = slope of the
polarization curve and L = length. This is equivalent to the
throwing power parameter without the size ratio.
Nanis (9) estimated the uniformity of the current distribu-
tion within a barrel load of parts (barrel plating) by evaluating
the throwing power-size ratio parameter. By introducing a sur-
face to volume ratio of 5/d for the special geometry of cylinders
(26)
(height = 2d) and by considering the barrel depth L to be the
analog of the thickness of the porous electrode, the requirement
for uniform current distribution became
M-2 xN =
 - dj [I dl
_
5 LJ
6 (1.1-18)
Bro and Kang (8 a) arrived at an adequate description of
the discharge profiles in porous cadmium anodes by the empirical
expression
q(s,i,t,y) = A( s, i. t) cosh .p3( s, i. t) • (1-yfl
cosh B(s,i,t)
(1.1-19)
where q = depth of discharge
A = depth of discharge at front of electrode
B = performance parameter
s = structural factor, including electrode thickness
i = superficial current density
t = time since start of discharge
y = fractional depth in the electrode measured from
front surface.
A tentative interpretation of the performance parameter B
of Bro and Kang (8b) can be obtained by integrating Equation
1.1-19 over the entire thickness of the electrode:
(27)
q(s,i,t) = q(s,i,t)
y=0
tanh B(s,i,t)
B(s,i,t) (1.1-20)
where the factor is referred to as the effectiveness
r>
factor; q(s,i, t)/q(s,i, t) _~ equals the ratio of average
discharge and discharge at front side, in conformity with the
definition of effectiveness factor. This result is somewhat
surprising, since no account was made theoretically for the
effect of a non-conducting reaction product. Equation 1.1-20
has been used by Selim and Bro (17) to correlate the performance
of a variety of batteries and electrodes.
The experimental work of Bro and Kang (8a,b) is the first
paper of detailed experiments on model battery electrodes re-
sulting in a quantitative description of the current distribu-
tion. Their study has been limited to the effect of the integral
current density (total current per unit front surface area) on
the discharge profiles of porous cadmium electrodes. They have
been able to characterize electrode performance in terms of an
electrochemical Thiele parameter, containing the effects of the
geometry of the electrode, the degradation of the electrode, and
the operating parameters as well as the effects of the electro-
chemical characteristics of the system. In some simple cases,
the performance of Bro and Kang can be reduced to
_2 ionic impedance /-i i
o — ~z j — : j (L.Lfaradaic impedance
(28)
This is entirely in accord with Equation 1.1-8.
The use of the electrochemical Thiele parameter to predict
the penetration of reaction front into the porous electrode is a
step ahead in rational electrode design and will be adopted for
the evaluation of reaction distribution in other systems under
different operating conditions.
1.1.4 SUMMARY AND CONCLUSION .
The electrochemical engineering approach makes it possible
to.organize practical and theoretical experience in the form of
dimensionless parameters, such as electrochemical Thiele para-
meter or throwing power-size ratio parameter and effectiveness
factor, and to provide useful information for the design and
adaptation to new electrochemical systems.
For the evaluation of the current distribution in flooded
porous electrodes, theoretical modes such as single-pore, con-
tinuum and distributed network, as well as experimental modes,
were reviewed and discussed.
In solving the problem of current distribution important
in optimal design of batteries, an approximation for the local
current distribution function was derived under conditions of
linear overpotential, uniform concentration and a very conductive
matrix compared to the electrolyte:
(29)
J(x/L)
 = N cosh N(l - x/L)
J sinh N
ave
By considering the porous electrode to be an analog of
chemical catalyst structures, the parameter N, being less than
0.4 for uniform reaction distribution, has been evaluated in
dimensionless groups to characterize electrode performance in
2
terms of the electrochemical Thiele parameter N and the effect-
tanh N
.iveness factor r: . The electrochemical Thiele parameter
turned out to be the throwing power parameter in electro-
deposition technology modified by being multiplied by a ratio
of particle diameter to electrode thickness:
J^
N2
where c = 6 for spherical particles.
The empirical approach of Bro and Kang adopted for the
evaluation of the electrochemical Thiele parameter under actual
operating conditions will be combined with a new and non-
destructive technique, being an optical luminance technique,
for reaction profile determination, providing the same informa-
tion as that obtained from the slicing technique used by Bro
and Kang.
(30)
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1.2 OPTICAL LUMINANCE TECHNIQUE
1.2.1 INTRODUCTION
Progress has been made toward rational electrode design
by the use of the electrochemical Thiele parameter to predict
the penetration zone into porous electrodes.
An optical method for reaction profile determination will
be explored in a preliminary way and is. based on the determina-
tion of (spectral) luminance or diffuse reflectance.
The optical luminance technique senses the nature of the
granular material in the porous electrode because internal re-
flections and refractions cause wavelength-dependent absorp-
tion to occur in the diffusely scattered light. By detecting
the onset of the reaction zone at the rear of the porous model
electrode^by optical changes, reaction profiles may be obtained.
The use of the optical (spectral) luminance technique as
an analytical tool has been largely limited to paint, paper,
foodstuff and textile materials and has been extensively re-
viewed by Wendlandt and Hecht (1) and Kortum (2). It is mostly
used in these areas as a quality control method to elucidate
such properties as color, whiteness, gloss, etc.
Comparatively little use of the technique has been made in
. e
the identification of purely chemical mixtures or systems. Re-
flectance measurements have been, in most cases, qualitative in
nature. Due to the effect of particle size and sample surface
(33)
on the reflectance, reproducible results are, at times, diffi-
cult to obtain (1,3).
1.2.2 LUMINANCE TECHNIQUE
The luminance (photometric terminology) of a surface is
always measured relative to that of an ideally diffusing stand-
ard (3). For clarity, the diffuse reflectance theory is summa-
rized later in this section. More detailed diffuse reflectance
theories can be found in standard texts which treat this type
of spectroscopy (1,2).
1.2.2.1 LUMINANCE FACTOR
In the recommended nomenclature for photometric quantities
-2 -1(4), the luminance L (lumens cm steradian ) is expressed as
cose .
where *' = luminous flux (lumen)
9 = viewing angle
2
A = reflected surface (cm )
w = solid angle (steradian)
The luminance factor is defined as
P(a,9) =
standard
where a = illumination angle.
(34)
Thus, the luminance factor P of surface, under specified condi-
tions of illumination and detection, is defined as follows: the
ratio of luminance of the specimen considered, illuminated under
conditions equal to those used to determine the luminance of
an ideally and completely diffusing standard, i.e., receiving
the same illumination.
1.2.2.2 DIFFUSE REFLECTANCE DEVICES
Instruments for the measurement of reflectance and re-
fraction are divided into filter and monochromator devices.
Two of the most common types are illustrated in Figure 1.2-1
and consist of the following instrumental components (1):
(a) light source .
(b) monochromator or filter system
(c) sample container or attachment device
(d) light path or integrating component such as a sphere
or hemisphere
(e) detector, such as a photocell or photomultiplier tube
(f) visual or recording read-out device
(g) reference or standard substance.
Commercially available refleetometers or spectro-reflecto-
meters are described in detail in texts on reflectance spectros-
copy (1,2). For a possible use of commercial instruments, a
selection has been carried out on the following features:
(35)
Sample or
standard
Detector
Monochromatic
light
Highly reflecting coating
Detector
Light source-
Wavelengih filter
Sample or standard
Figure 1.2-1: Basic Reflectance- or Reflection-
Measuring Instruments. (a) Integrat-
ing Sphere Type, (b) Reflection Type,
Incident angle = i, reflected angle
r.
(a) geometry of incident light and detection [k(a,9)j
with respect to effect of sample and cover glasses
(b) spectral dependence and range
(c) sample arrangement (vertical and horizontal)
(36)
(d) measurement of sample simultaneously with standard
(e) price (1970) and delivery time.
As a result, two spectral reflectometers, Gary Model 14 [with
R(0°,45°) or R(0°, diffuse)] and Beckman Model DK-2A [with
R(0°, diffuse)] were selected, both double beam instruments
having a monochromator and with which reflected light of cover
glasses can be eliminated. The price, however (for the Gary,
$25,400, and for the Beckman, $17,120), was far beyond the
available budget.
The single beam instrument, Hitachi Perkin-Elmer Model 139
($3,650), with a diffuse reflectance attachment ($550) is the
cheapest alternative and has a modular design that permits easy
replacement of the units, such as another multiplier phototube
with-a different special range. Some of the features of commer-
cially available reflectometers or spectro-reflectometers con-
sidered are summarized in Table .1.2-1.
For the preliminary experiments, we decided to develop our
own reflectometer or luminance device adapted to the specific
conditions of the test compartment. A simple device, based on
the reflection type of arrangement, has been chosen and will be
described in Section 1.2.3.
1.2.2.3 DESIGN
For the development of a luminance apparatus, important
.criteria may be obtained from recommended practices, described
(37)
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in.the annual book of ASTM standards, Part 30 (5 - 10). These
are: (a) geometric conditions of illumination (angle, a,
incidence field angle, to ) and detection (angle, 0, receptor
(JL
field angle, co ); (b) spectral characteristics, particularly0
of the light source (spectral power distribution), filte'r
(characteristic wave length), and light detector (spectral
response, .linearity); (c) photometric conditions, such as
illumination (intensity, exclusion of specular reflectance) and
background (reflection, illuminated area, stray light); and
(d) standards of reflectance, including primary or absolute
standards as well as practical secondary or working standards.
In the following discussion, literature is reviewed which
is relevant to the selection of light source, light detector,
geometry and reflectance standards.
Billmeyer (11) discussed s.everal light sources which
approximately correspond to average-daylight. One of the best
of these, with respect to spectral power distribution, is the
xenon arc. Its use is reportedly limited to single beam
application because of uncontrolled wandering of the arc. More
stable but corresponding less closely to standard CIE sources
(special for color measurements) are filtered tungsten lamps,
which may utilize blue-glass filters. A filtered tungsten halide
. lamp plus stable glass filters, forced-air cooled and current and
frequency stabilized, has a spectral power distribution that
(39)
corresponds very closely to the new daylight illuminants based '
on average daylight including the UV region. For some spectro-
photometers with monochromator gratings, incandescent lamps
(6V/30W) are used, being voltage stabilized.
The choice of the light source depends primarily on the
spectral power distribution and the detection device used in
combination with it. Light detectors that may be considered
for measuring reflectance include thermopiles, photocells,
photodiodes, photomultipliers and photovoltaic cells. Thermo-
piles can be excellent primary detecting devices, but are
generally unsuitable for most laboratory and quality control
types of service. Not only are they difficult to apply properly,
but they are costly, lose their calibration when mishandled,
and have an inadequate frequency response (12).
Photodiodes have good frequency capabilities, are reason-
ably priced, and are being used in pulse and high-frequency
applications. For our purpose, however, frequency response is
not a critical parameter. Because the photodiode must be
electronically biased, a well-regulated bias supply is required
to insure consistent results (12).
Good sensitivity and frequency response plus a large de-
tection area are some photomultip Tier features. But multi-
element phototubes are expensive, require high-voltage supplies,
and since output is a function of supply voltage, stability
(40)
problems can arise (12). Photovoltaic cells, particularly the
solar cell variety (silicon) have a large active area, good
long-term stability, and a satisfactory frequency response, are
easy to use and are inexpensive. The good spectral response,
with the fact that power or bias supplies are not required,
.makes the solar cell most suitable for the diffuse reflectance
measurements (12).
Whiterell and Faulhaber (13) reviewed the characteristics
of the silicon cell most important to photometric applications,
including spectral response, linearity, temperature sensitivity
and operation with amplification circuits. It responds to
visible radiation, can be made in convenient shapes and sizes,
is stable, exhibits no fatigue or memory effects and has ex-
cellent linearity in short-circuit operation. Design considera-
tions may be found in the Silicon Photodetector Manual (14).
As regards illumination and detection geometry for diffuse
reflectance measurements, specification of the directions of
illumination and detection is usually adequate (5). The selec-
tion of geometries may be made separately for each type of
sample being considered (15). Therefore, goniophotometric
measurements are recommended first, before the specular compon-
ent can be successfully excluded for the diffuse reflectance
measurement. ASTM designation E167-63 (8) gives the recommended
practice.
(41)
1.2.2.4 STANDARDS OF REFLECTANCE
By far, the most important standard reference material for
spectro-reflectometric measurements is the white standard of
reflectance. For convenience, it is desirable that the re-
flectance of the standard be both greater than that of any sub-
stance to be measured and substantially independent of wave-
length over the entire visible spectrum (11). Recommended
practice for preparation of reference white reflectance stand-
ards is given by the ASTM (9). Other materials known to be '
reasonably permanent in reflectance and uniform over the sur-
face may be calibrated and used as secondary reflectance stand-
ards (working standards). A standard method for absolute calibra---
tion of reflectance standards has been given by the ASTM (10).
The difficulties of preparing the MgO standard reproducibly
and its instability over time periods of even a few hours have
led to the consideration of other materials as.white working
standards (9). The most widely available, reproducible and stable
white reference material, adequately close in reflectance to
freshly smoked MgO, is pressed BaSO, powder (9). Budde (17)
studied the reflectance properties of BaSO, with respect to its
usefulness as a white working standard and reviewed other con-
tributions. It becomes yellower and darker relatively slowly
with time, while the rate of change decreases after about two
days (16).
(42)
Grum and Luckey (16) have recently tested specially pre-
pared BaSO, powders and coatings of these powders with poly-
vinyl alcohol as working standards of reflectance and for coat-
ing integrating spheres. This standard white material in both
powder and paint form has become available from the Eastman
Kodak Company. Since the reflective index of barium sulfate
is rather low, it is necessary to use fairly thick layers in
order to obtain good results (18). The values for luminous
reflectance and spectral reflectance are given in reference
(16). Other white materials investigated by Grum and Luckey
are BaSO,-CMC paint, General Electric photometric sphere paint,
Ti09 paint and flat white Krylon. Some of these commercially
available paints contain titanium dioxide, which absorbs
strongly in the UV region of the spectrum (16). The Eastman
optical white paint (BaSO,-PVA paint) shows in the visible
and UV regions of the spectrum the highest absolute reflectance
with the greatest advantage in the UV region (16,18). Filter
paper (Whatman No. 1) has been used as standards for reflect-
ance in the photometric evaluation of paper chromatograms (19).
1.2.3 DIFFUSE REFLECTANCE THEORY
1.2.3.1 INTRODUCTION
For diffuse reflectance, it is important to realize that
the radiation reflected from a finely ground solid consists of
(43)
two parts, a regular or specular part, which arises from re-
flection at the upper surfaces without transmission, and a.
diffuse part, which arises from radiation which has penetrated
the sample and has therefore lost intensity according to the
Lambert law, and has reappeared at the surface after multiple
scatterings. The diffusely reflected light from such samples
is distinct from specularly reflected light in the sense that
it depends more directly on the particular nature of the
medium under consideration. •
1.2.3.2 RELATION OF DIFFUSE TO SPECULAR REFLECTANCE
Kubelka and Munk (2) have shown- that for the special case
of an infinitely thick opaque layer -(achieved in practice with
a layer thickness of ca. 2 mm), the diffuse reflectance for a
given wavelength is
'
K4= (1-2-3)
where R^ is given relative to a non- absorbing standard, k
is the molar absorption coefficient of the material defined by
Q
-kd -1
I = Ie , I is reflected radiant intensity (W. sr ) ,
is the radiant intensity at perpendicular incidence (W. sr ), and
s is the scattering coefficient which is practically independent
of wavelength for particles of mean diameter greater than the
(44)
wavelength of the incident radiation.
The flat surface of a perfectly diffusing material is
assumed to consist of a large number of small, specularly
reflecting surfaces which are inclined at all possible angles
to the macroscopic surface. Equation 1.2-3 yields the follow-
ing equation for transmission through a layer thickness d (1):
I -^k(k + 2s)' dl
sp
r i'W (n - I)
2
 + n
2K2
9 (n + I)2 + n'•R2
I = IQ exp  -^k(k + 2s) d| (1.2-4)
which reduces to the Lambert-Beer law when s = 0.
The specular part of the reflectance is, however, given
by the Fresnel equation, which becomes in the simple case of
normal incidence
(1.2-5)
where n is the refractive index and K = kA/47rn is the absorp-
tion index and is proportional to the absorption coefficient.
(The Fresnel equations for non-normal incidence of radiation
are much more complex.)
As is clear from Equation 1.2-5, R tends to an upper
sp
limit of unity as K increases (selective absorption). Hence,
diffuse and specular reflectance are complementary, for the
former is greater for a non-absorbing material while the latter
(45)
is greater for a strongly absorbing material, such as metal.
The elimination or minimization of specular reflectance is one
of the essential problems to be overcome in the design of
instruments and the preparation of samples.
Equation 1.2-1 may be transformed to give the Kubelka-Munk
function,
Hence, as the scattering coefficient is practically independent
of wavelength (1):
log FCR^) = log k + constant (1.2-7)
A plot of log FCR^) against wavelength thus yields the absorp-
tion spectrum of the material. In practice, it is found that
the salient features of a diffuse reflectance spectrum are
given sufficiently closely for most purposes simply by a plot
t
of optical density [log (IQ/I)] rather than of the Kubelka-
Munk function against wavelength.
, It is difficult "fe£ handle the wavelength dependence of
the scattering coefficient analytically because this deals with
multiple scatterings from closely packed particles of different
shapes and sizes. It is found experimentally that down to a
mean particle diameter of about 2 [i , the scattering coefficient
is independent of wavelength, but below this figure the scatter-
(46)
ing coefficient increases slightly towards higher wavelengths.
1.2.3.3 DIFFUSE .REFLECTANCE AND LUMINANCE
The specular reflectance at the smooth interface is
completely controlled by the Fresnel reflection law. By con-
trast, no general theory is completely valid for the reflection
from matte surfaces, although all formulas for diffuse reflect-
ance incorporate the Lambert cosine law in one form or another.
The Lambert cosine law is phenomenologically formulated
from the fact that a matte surface irradiated with constant,
intensity appears uniformly lit at all angles of observation.
Consider the matte surface of a solid body uniformly irradiated
by a parallel beam of light at angle of incidence a. If
i 0
a<i>/5A _n is the irradiance in watt/cm [radiometric quan-
tities have been used (2)] for normal incidence, the radiant
flux 4> per unit surface area is then given by
a*
a a=0
cos a (1.2-8)
The remitted radiant flux per unit surface area of the
irradiated disk depends on the cosine of the angle 6 at which
the radiating surface is observed (see Figure 1.2-2), and is
proportional to the solid angle, i.e.,
a*
= L cosQ aw (1.2-9)
e
(47)
Figure 1.2-2: Concerning the definition of the
radiance (in radiometric nomenclature)
or luminance (in photometric nomen-
clature) .
The proportionality factor is given by
L = (1.2-10)
cose • '
and will be called the radiance (surface brightness) or luminance
2(in photometric nomenclature), having'the dimension (watt/cm sr)
2
or (lumen/cm sr) (4).
If the solid angle dco in Equation 1.2-10 is replaced by
the surface element of a unit sphere, as in Equation 1.2-11,
= sin 6 B9 d<P (1.2-11)
and is integrated over the angular range of 0 to ir/2 and the
azimuth from 0 to 2ir (i.e., over the total hemisphere of the
(48)
remitted radiation), we obtain for the total (integral) radi-
ance from Equations 1.2-9 and 1.2-11:
7/2 27T
/ L cos 6 sin 0 B9 &<£> = irL (1.2-12)
J0
Since the incoming and outgoing radiation must be proportional
to each other, it follows from Equations 1.2-8 and 1.2-9 that
TrL = "A" ^r cos a (1.2-13)
na=0
or, introducing Equation 1.2-10,
"A"
TT
cosct cosQ = L cos8
a=0
d.2-14)
The remitted radiant flux per unit area and unit solid angle is
proportional to the cosine of the incident angle a and the
cosine of the angle of viewing 6 (Lambert cosine law). The
constant "A" gives the fraction of the incident radiant flux
which is remitted, and is always less than one, since some por-
tion of radiation is always absorbed. This constant is often
called "Albedo," i.e.', whiteness.
The Lambert cosine law is rigorously valid for the emission
of a black body radiator. It is, however, no mere empirical
law of reflection, but can be derived for an "ideal diffuse
(49)
reflector" from the second law of thermodynamics ("A" = 1).
According to the cosine law, the luminance of a non-absorbing
matte surface is given by
""L =
TT 3A
a=0
cos a (1.2-15)
. More or less large deviations from the Lambert law are
always found in practice. For graphical representation, we
can plot the observed L (in cartesian coordinate system) as a
function of 6, and according to Lambert, obtain a line parallel
to the abscissa (or L/cos a as a function of 6). Distribu-
tion curves for real surfaces may be obtained by goniophoto-
metric measurements.
1.2.3.4 REFLECTION FACTOR AND LUMINANCE FACTOR
\
For real surfaces, the reflection is neither wholly
specular nor uniformly diffuse. The reflection factor (equal
to the ratio of the sum of diffusely reflected flux, <t> ,, and
specularly reflected flux, <f> , to the incident radiant flux,
sp
*.) and the distribution of the reflected light are very de-
pendent on the directional characteristics of the light inci-
dent on the surface. This makes it impossible to assign to
such a surface a definite value of reflection factor, unless
the illumination conditions are precisely specified. Further,
the value of reflection factor so defined gives no information
(50)
with regard to the distribution of the reflected light, whereas
for our purpose it is the luminance of the surface when viewed
in a particular direction that is of interest (23).
It is therefore convenient to use, instead of a reflection
factor, the ratio of the luminance of the surface to that of a
perfect diffuser when both are viewed under the same illumina-
tion conditions. This ratio is known as the luminance factor P
(photometric nomenclature) or directional reflectance (spectro-
scopic nomenclature) (23). The luminance factor always refers
to specified conditions of illumination of the surface and a
stated angle of view.
(a,e) = Rd(a,6) -
standard
1.2.3.5 SPECTRAL LUMINANCE FACTOR
Wavelength (or spectral) variability is primarily respon-
sible for color appearance; geometric selectivity is primarily
responsible for gloss, luster and the like. Every measurement
used to help specify the appearance of an object or material,
however, must be identified by both the spectral and the geo-
metric conditions under which it was made. Geometric conditions
affect not only the geometric variables (such as gloss), but
also color and diffuse reflectance, traditionally thought to be
unrelated to geometry (5).
(51)
The spectral luminance L is the luminance of a reflecting
surface measured at a particular wavelength. The ratio of the
spectral luminance at an investigated surface to the spectral
luminance of a standard -in identical conditions of illumination
and viewing is called the spectral .luminance factor (3 (photo-
metric nomenclature) or the spectral directional reflectance
(spectroscopic nomenclature) .
(a,9) = Rd(a,6) .,= sample (a ,9) (1.2_17)
standard
1.2.3.6 STANDARD OF REFLECTANCE
As already stated, the spectral luminance is measured as
the ratio of the luminance of the investigated object at a
given wavelength to the luminance of a standard (at the same
wavelength). In view of this, the question of standards is of
great importance.
In practical work, any surface which approaches an ideal
diffuser in nature of its reflectance can be taken as a standard.
The reflection factor of an ideal diffuser is equal to unity
for all directions of incidence of the radiant flux and for
all wavelengths.
Thus, the surface adopted as a standard must satisfy two
requirements: (a) preservation of orthotropy, i.e., the indica-
(52)
trix of diffusion of this surface must be in all cases close
to a sphere, irrespective of the angle of incidence of the
radiant flux (see Figure 1.2-3), and (b) preservation of
neutrality, i.e., the nature of the spectral luminance curves
must be independent of the spectral composition of the incident
light (2,23).
Figure 1.2-3: Indicatrix of ideal diffusing
surface, with distribution curve
independent of a (2,23).
1.2.4 LUMINANCE EXPERIMENTS
1.2.4.1 LUMINANCE DEVICE (DESIGN I)
The first design consists simply of two light paths within
tubes having a light source at one end and a detector at the
other end, each making different angles with the normal at
the bottom of the shallow glass dish serving as the test cell.
(53)
Figure 1.2-4 shows a schematic design of this luminance
device:
light source
sample or standard
glass plate
light detector
Figure 1.2-4: Schematic representation of the
luminance device with a = illumina-
tion angle and 0 = detection angle.
The sample or standard can be placed on top of the test
cell. A high intensity tungsten microscope lamp (6V/30W) with
blue-glass filter has been used as light source for white
light.' Intensity was controlled by stabilizing the supply
voltage. The intensity of the diffusely reflected light was
sensed by a silicon (or selenium) photocell with a Keithley
high impedance electrometer measuring the photo-current or
photovoltage. The angles of illumination (a) and detection (8)
are such that total reflection of the supporting glass plate
(the bottom of the test cell) has been avoided. White filter
paper and barium sulfate have been used as standard surfaces
for the luminance measurements.
(54)
1.2.4.2 PRELIMINARY EXPERIMENTS
Powder Mixtures: Possible hues and color variations of
practical battery plates were simulated by mixing two powders:
black activated carbon and white alumina powder. Different
powder mixtures, wetted in acetone to simulate electrolyte,
were placed in the test dish.
In the dry condition, various mixtures are readily dis-
tinguished by changes in the relative intensity._of diffusely
reflected light. When wet, the distinction is somewhat less
but still permits clear resolution of relative weight or
volume fraction of each component of the mixture.
Filter Papers; By adding several layers of calibrating
Whatman No. 1 filter paper on top of the luminance device, it
was determined that six layers are required to eliminate back-
ground interference.
Figure 1.2-5 shows cell reflectance as a function of
number of paper thicknesses in two configurations, confirms
that several layers are needed to produce complete reflection,
and indicates that resolution decreases if another glass plate
is introduced. Also, it is clear that the light actually
"senses" a depth of several thousandths of an inch so that it
is certain that not just the final back side surface of an
electrode is evaluated by this technique, but rather a volume
region close to the final surface.
(55)
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Figure 1.2-5: Luminance as a function of the
number of thicknesses of filter paper
introduced onto two arrangements
(A: © and B: O) of the luminance
device.
(56)
Pasted Plates (!_) : In a separate series, of experiments,
a glass beaker was employed as battery test cell and placed on
top of the dish, surrounded by black absorbing paper. After
testing this arrangement (with filter papers), a more realistic
attempt was made to investigate the reflectance change of an
actual porous electrode in operation.
A test cell with perforated lead foil filled up with
charged PbCL powder paste was used during discharge in 1.22
sp.gr. sulphuric acid solution. The PbO- powder should have
been converted into PbSO,, and a color change would have
taken place from reflective black to dull brown (19). No
conversion of PbO- did occur, however, due to lack of electri-
cal contact of active material with the perforated lead foil
acting as a supporting grid.
"Plante" Plates (!_): A better approach was to detect the
changes in reflectance of a single lead foil plate [a kind of
Plante plate (20)] during charge and discharge. No standard
of reflectance was employed, because only changes in reflect-
ance were tested.
In the same cell arrangement as mentioned above, a first
2
charge/discharge cycle was carried out at 1 mA/cm in 1.22 sp.gr.
sulfuric acid. The reflectance change for the second cycle
was about 11% with a distinct color change, going from whitish
gray (PbSO,: discharged state of the positive) to dull brown
(57)
(PbO : charged state of the positive).
Pasted Plates (II): After the successful experiments
with the thin lead "Plante" plates, an attempt was made to
manufacture a pasted model electrode. A lead-antimony grid
with 87o antimony was pasted with active material of already
used battery plates. After pasting, the plate was dried for
60 hours at room temperature. The plate was pressed to the
bottom of the test cell, separated by a thin PVC-ring from
the counter-electrode.
The reflectance, however, did not change at all during
charge or discharge. Visual observation did confirm the fact
that only the grid had been active and the active material re-
mained unchanged. In subsequent experiments, therefore, a
recommended procedure was tested and adopted for use in preparing
pasted porous electrodes (20).
"Plante" Plates (II): The difference in reflectance of
discharged and charged conditions of "Plante" lead plates was
investigated as a function of time. Barium sulfate, pasted on
supporting glass with the same thickness as the test cell, was
employed as standard.
A separate cell was used for the charge and discharge of
a circular "Plante" plate. The plate was taken out of the cell
every five minutes and placed in a reflectance cell on top of
(58)'
the luminance device. The difference between reflectance of
the plate and BaSO, standard was measured with a silicon photo-
cell (SlM-C) connected to a Keithley high impedance electrometer
(Model 610C) and a Moseley chart recorder (Model 680). The
voltage of the light source was held constant at 6.00V.
Figure 1.2-6 shows the forming (i.e., the first charge)
of a "Plante" plate in 1.07 sp.gr. sulfuric acid during 50
2
minutes at a current density of 1 mA/cm (reckoned on one side
of the plate), followed by (a) a 30-minute discharge at
20.5 mA/cm and (b) a 20-minute discharge at a higher current
2
density of 1 mA/cm .
The longer time required for an increase of luminance
2
at 0.5 mA/cm indicates that the luminance device truly
monitors the electrode reaction and is responsive to electro-
chemical factors.
1.2.5 DISCUSSION
As shown in Figure 1.2-5, more than 6 filter papers are
required to eliminate background interference. This result is
in agreement with data obtained by Ingle and Minshall (21).
The filter paper experiments can also be used to test reflectance
devices by measuring the reflectance of the test cell relative
to Whatman No. 1 filter paper (22).
For long-term measurements, the stability of the light
source and the light detector become critical. The stability
(59)
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(60)
of the light source can be greatly improved by using a B.C.
power supply (Heath I.P.-12 battery eliminator) in combination
with a 6-Volt car battery (Sears Type 28A) to eliminate line
fluctuations.
The silicon photocell in combination with the Keithley
high impedance electrometer produces a non-linear response
with serious fluctuations. They could have been reduced by
using a less sensitive scale and allowing more specular re-
flections to fall upon the detector by changing the geometry
and increasing the illuminated surface area. This procedure
is, however, at the cost of less resolution of reflectance
changes.
A new design was developed, therefore, for the next series
of experiments (see Section 1.3) with the following features:
(a) all glass parts, made of optical pyrex
(b) exclusion of specular reflection by using matte
black paint
(c) change in geometry of the device, being more appropri-
ate for the model electrode texture
(d) use of operational amplifier with "short-circuit,"
producing a linear and stable response.
% •
1.2.6 SUMMARY AND CONCLUSION
The preliminary "Plante" experiments did prove that the
luminance device could monitor the reflectance change during
(61)
battery operation by measuring the luminance factor with BaSO,
as working standard.
Background and development of the optical luminance tech-
nique had been extensively described with the emphasis on
experimental problems being faced in the design of an optical
luminance device.
Preliminary experiments carried out with "Plante" plates
of the lead-acid system did confirm the suitability of the
luminance method, being able to clearly resolve the color and
associated reflectance changes occurring in the charge and
discharge of positive battery plates.
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1.3 LUMINANCE EXPERIMENTS OF MODEL POROUS ELECTRODES "'
1.3.1 INTRODUCTION
In this section, we focus our attention on the porous
positive plate of the lead-acid system. Plates for lead-acid
storage batteries usually have as support a lead-alloy grid
into which a paste-like material has been spread out. This
material is a mixture of lead oxides to which sufficient dilute
sulfuric acid has been added to produce a workable paste (1).
Reaction of the oxides with sulfuric acid yields a mixture of
lead sulfate and basic lead sulfate that sets the paste into a
cement-like porous mass, being dried for some days (curing).
During the forming process, i.e., the first anodization
of fully cured electrodes, the electrode porous material is
converted into active PbO?. The simplified reaction at the
positive may be represented as (1):
4H + 2e
(64)
discharge
"*"
formation
(1.3-1)
Initially, the color of the unformed positive plate is
light yellow (not uniformly). Soaking in sulfuric acid before
forming causes considerable increase in the amount of sulfate
resulting in a fading of the yellow color (2).
In the progress of the forming process, the poorly con-
ducting PbSO, is converted into reddish lead dioxide, with a
metallic luster and excellent conductive properties (2). This
color change at various stages of formation was expected to
produce changes in the luminance of the surface, examined in
situ at the back side of a horizontal model electrode. Details
of the lead-acid system may be found in the classic book by
Vinal (1), and more recent research results are summarized in
a comprehensive review by Burbank, et al. (2).
1.3.2 EXPERIMENTAL
Plates of dimensions 35 x 35 x 0.5 mm were manufactured
according to the general procedure recommended by Vinal (1) and
Nees (3). The positive plates were pasted with universal lead
oxide of the National Lead Company and the negatives with a
similar mixture containing organic expanders.. After hand pasting,
all plates were cured for about two days .
(65)
1.3.2.1 PASTED PLATE PREPARATION
In order to produce a positive porous plate which repre-
sents actual battery plate behavior, a pasting method was de-
vised following a recommended procedure in battery manufacture
(3). Materials were provided by the National Lead Company.
The grids serve as support for the active material of the
plates and conduct the current. The grids also have an import-
ant function in maintaining a uniform current distribution
throughout the mass of active material (1). The circular or
square grids used in the test cell were cut out from an actual
lead antimony (8%) battery grid (12 x 14.3 cm) with straight
cross bars across the plate, designed to lock the active
material in place (see Figure 1.3-1).
Figure 1.3-1: Square Grid for Model Electrode
(66)
Using a hydraulic press, the thickness (initially 1.8 mm)
was reduced to about 0.5 mm in some cases. Before pasting, lead
strips serving as electrical connectors were soldered to the
grid and coated afterwards with acid-resistant black wax
(Apiezon). Universal oxide (National Lead Co.) was used as
paste mixture for the positive plate. Expanders (National Lead
Co.) were added in small amounts (ca. 270) to the paste for
making negative plates (3). These are substances such as
lampblack, barium sulfate (commonly called blanc fixe), wood
flour and organic extracts of wood (1).
During preparation of the paste with sulfuric acid, reac-
tions occur that result in the formation of basic lead sulfate
and the.liberation of considerable heat. The temperature of
the mixture rises to a maximum, so that cooling must be pro-
vided to avoid premature solidification before the paste can be
applied to the grid. The lead sulfate is the cementing material
which makes a firm plate. Many variations in the conditions
of preparing and applying the paste are possible. Deviations in
the physical and chemical characteristics of the oxides, the
percentage true red lead which is present, the temperature and
strength of the acid solution, the time of mixing, the treatment
of the plate during and after the pasting process, and even the
atmospheric humidity are among the conditions that affect the
finished product (1).
(67)
The usual procedure is to add a considerable portion of
water to the oxides before adding a somewhat stronger solution
of acid. The acid must be added slowly while mixing is continued
under forced cooling. A final portion of water is then added
as required to bring the paste to the proper consistency (1,3).
For the preparation of the pasted model electrodes, 12 g
of universal, oxide were weighed out. Before the addition of
3 ' 3H^SO,, 1.1 cm water was mixed with the oxide. Then '1.1 cm
sulfuric acid (1.40 sp.gr.) was added in drops under continuous
3forced air cooling. After the addition of about 0.5 cm water,
the mixing was completed in 20 minutes. The paste was spread
upon the grids with a spatula. Paper used to cover the plate
after pasting took up some of the moisture. As recommended by
the manufacturer (1), the complete curing of the plates before
formation was accomplished by drying at ordinary temperature
and humidities in 48 hours.
1.3.2.2 FORMING OF PASTED PLATES
Formation, as applied to the Plante plates, means the
creation of a layer of sponge lead on the surface of the nega-
tive plates and of lead peroxide on the positives to constitute
the active materials of the cell.
Formation of pasted plates, on the other hand, means the
oxidation or reduction of the lead oxides and other materials
(68)
which have been applied to the grids (1).
The strength and amount of sulfuric acid used will depend
on the previous treatment of the plates. Usually, it is within
the range 1.05 to 1.15 sp.gr. (1).
Completion of formation is indicated by (a) the color of
the active material, i.e., the plates have "cleared" and are
uniform in color, (b) the fact that the plates are gassing
normally, and (c) open circuit voltage readings, with respect
to a reference electrode (cadmium), are constant and of normal
values. The exact values of the cadmium readings will depend
on various conditions, but they are usually in the range 2.30
to 2.45 volts for the positive plates. The cadmium reading on
positive plates may reach constant values several hours prior
to complete clearing (1).
The proper charging current will depend on the thickness
and type of the plates and on the temperature. The current is
used more effectively at lower rates, and these are desirable
for thin plates. For plates in general, a current density of
2
2 to 5 mA/cm is reasonable, the area being reckoned as the
\
apparent surface area of both sides of the plate (1).
After curing for several days, the pasted plates with,
dimensions 35 x 35 x 0.5 mm (square model electrodes) were
soaked and then electrolytically formed in 25-50 ml of sulfuric
acid of 1.07 sp.gr. The model electrodes that were to become
(69)
the positives were made the anode in the test cell and the plates
for the negatives with excess capacity were made the cathode.
1.3.2.3 ASSEMBLING TEST CELLS
The first test cell configuration for pasted model elec-
trodes was a pyrex beaker with circular pasted plates (5 cm
diameter) separated by a PVC ring and pressed together onto
the bottom of the horizontal cell. In order to obtain a model
porous electrode.with one side towards, the electrolyte, an
improvement of this configuration was necessary because the
reaction could not be prevented at the back side (bottom side)
of the model electrode.
A rectangular test cell with a flat bottom plate (100 x
100 x 2 mm) and walls made of glass microslides (25 x 75 x 1 mm)
was assembled and sealed with acid resistant black wax (Apiezon).
The thin pasted positive plate with dimensions 35 x 35 x 0.5 mm
was tightly sealed to the supporting plate before assembling.
The pasted negative was placed together with the micro-porous
rubber separator material on top of the positive plate. During
the formation in 1.07 sp.gr. H?SO, with a current density of
2
1.6 mA/cm reckoned at one side, the model electrode (positive
plate), once again could not be prevented from reacting, and
came off the supporting glass plate.
In the next test cell modification, the grid of the positive
(70)
plate was completely sealed with wax on the supporting glass
plate before pasting had begun. The excess black wax had been
removed by scraping out the spacings of the grid so the paste
could be loaded into it. After pasting and curing, the edges
were sealed all around the glass plate (see Figure 1.3-2).
OPTICAL
CLA5S
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Figure 1.3-2: Cross-section of the sandwich con-
figuration of the two-plate minia-
ture test cell.
Only the active material between the'grid spacings in contact
with the grid is supposed to react inward from the solution side
and from the grid throughout the porous electrode towards the
supporting glass plate. Visual observations confirm this type
of behavior. After about seven hours at a forming rate of
2
4 mA/cm , the color change has taken place at the edges of the
grid bars.
A further variant was employed for the luminance experi-
ments in Section 1.3.3 with all parts of optical pyrex glass.
(71)
1.3.2.4 PREPARATION OF REFLECTANCE STANDARDS
The preparation of three working standards, Whatman filter
paper, white Krylon, and BaSO, paint, are described in this
section.
Whatman Filter Paper Standard: This reflectance standard
is made of 10 tightly pressed filter papers (Whatman No. 1,
5.5 cm in diameter) mounted on a glass plate with tape. The
relative reflectance without glass plate has been taken as
100%, being the highest reflectance obtained in comparison with
the other standards.
White Krylon Standard; This reflectance standard is made
of Krylon flax white enamel No. 1502 spray paint containing
7.78% pigment (89% titanium dioxide and 11% silicates), 9.84%
non-volatile and 82.29% volatile substances. The paint was
sprayed on optical glass plates in several layers so that
total layer thickness was 0.5 mm.
Eastman BaSO. Standard: For the preparation of a BaSO,
standard, Eastman white reflection paint was used. This is a
mixture of BaSO, (100 parts) and polyvinyl alcohol (PVA) (one
part), applied with an aerosol powdered sprayer, such as "Jet
Pack," on optical glass plates (6). The surface to be sprayed
was washed with acetone and rinsed with ethyl alcohol. A light
base coat was first applied; subsequently, heavier coats were
applied and permitted to dry until the surface did not appear
(72)
wet to the eye. A sufficient layer thickness of 1.2 mm was
obtained by applying 4-6 coats.
Important factors responsible for a shift in the relative
reflectance of the different standards are:
(a) surface texture
.(b) viewing geometry
(c) layer thickness.
Three reflectance measurements were carried out with the pre-
viously-mentioned standards and are summarized in Table 1.3-1
with Whatman = 100%.
Table 1.3-1
RELATIVE LUMINANCE OF WORKING STANDARDS
(Whatman = 100%)
RELATIVE LUMINANCE FACTOR p' (36°/50°)
Without
Glass Plate
With 1 mm
Glass Plate
With 2 mm
Glass Plate
Standard
Whatman No. 1
White Krylon
Eastman BaSO.4
(%)
100
(122)
87.2
a
92.
58.
78.
.)
0
2
1
/cy \
79.5
49.7
70.4
The high relative luminance factor of White Krylon is ascribed
to the gloss at the outer surface. As soon as the inner surface
(73)
is used, the texture is completely flat and comparison is more
meaningful. The relatively rough filter paper appeared to be
a better diffuser under 36°/50° geometry than the BaSO, paint.
Layer thickness is also a critical factor in the accurate
measurement of the luminance. In the case of the filter
papers, it has been established in Section 1.2 that more than
six layer thicknesses are sufficient.
1.3.2.5 TEST CELL
The cell consisted of one positive plate sealed with acid-
resistant black wax (Apiezon) on an optical pyrex glass plate
(50 x 75 x 2 mm) and one negative plate, separated by a perfor-.
ated hard rubber sheet (supplied by National Lead Company).
The optical bottom plate was assembled with cell walls made of
micro-slides (25 x 75 x 1 mm) and sealed together with the
black wax.
The formation of the lead-acid positive plates was carried
2
out galvanostatically at current densities of 1 to 5 mA/cm in
25 ml H2SO, of sp.gr. 1.07 (initial) at about room temperature.
Before the forming of the plates was started, the positive
plate was soaked in the same H~SO, solution. A D-C power
supply (Heath battery eliminator) was employed as constant
current source with manual control.
The characteristics of five test cells used in the lumin-
ance measurements are summarized in Table 1.3-2.
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Table 1.3-2
EXPERIMENTAL TEST CELLS
Forming
Thickness Surface Area Soaking Forming Current
Positive Positive Time Rate Density
Test Cell Plate(mm) Plate(cm2) (hours) (mA) (mA/cm2)
3
4
5
6
7
- OG
- OG
- OG
- OG
- OG
0.58
0.64
0.48
0.59
0.55
12.8
14.0
13.0
11.9
12.2
2
,24
1
1
1
64
14
40
12
61
5
1
3
1
5
1.3.2.6 LUMINANCE DEVICE (DESIGN II) '
The main features of an improved luminance device are
summarized below:
Instrumental; The suggested circuit with the power supply
in parallel.with a battery provides a stable voltage supply for
the light source (tungsten 6V/30W) being held at 6.00V (manual
control).
A linear and stable response was obtained by using an
operational amplifier (biased) in short-circuit operation with
the silicon photocell (SlM-C). A Moseley chart recorder (Model
680) connected with the operational amplifier served as read-out,
(75)
providing the photovoltage data for the luminance measurements,
Details of the operational amplifier circuit are shown in
Figure 1.3-3.
Figure 1.3-3: Operational Amplifier Circuit
for Short-circuit Operation of a
Silicon Cell (Biased) (8)
Circuits for monitoring the silicon cell output signal
can range in complexity from simple ammeters to lock-in ampli-
fiers (7). A convenient method is provided by using an opera-
tional amplifier as a current-to-voltage amplifier. A biased
circuit is used to make the short-circuit measurements (for
linear response).
The objective of the circuit in Figure 1.3-3 is to esta-
blish a convenient voltage level by passing the silicon cell
current through a large resistance while, at the same time,
providing a low resistance load to the silicon cell. This is
accomplished by using an amplifier with a high voltage gain
(typically 10 to 10 ) and high input impedance (typically
(76)
10 to 10 ohm). The high gain assures that the voltage between
-4the plus and .minus input will be very small (typically 10 to
-8
10 V) and the high input impedance assures that nearly all of
the silicon current passes through the feedback resistor. If
the feedback resistor is given as Rf (ohms) and the voltage
gain of the amplifier is given as A (volts/volt), then the
amplifier output is given by
e0 - R£is (1.3-2)
while the load resistance on the silicon cell is
RL = Rf/A (1.3-3)
This means that an operational amplifier with A = 10 can
convert a silicon cell current of 1
 UA into a 1 V signal by
using a 1 megohm feedback resistor, and at the same time only
load the silicon cell by 1 ohm, providing a linear response (7).
Geometry: By using an illumination angle of 36° and a
detector angle of 50°, the specularly reflecting beams have
been avoided. Both light paths were sealed on an optical
pyrex table (75 x 75 x 2 mm), covered with ultra flat black
paint (Krylon spray paint 1602) and provided with a small
illumination area (16 mm in diameter).
The other instrumental parts in the optical train were
also painted inside and out with the absorbing black paint.
(77)
Dibutylphthalate with the same refractive index as pyrex
glass, used between the optical pyrex table and the test cell,
did improve the detector response. This fatty ester, however,
was rather inconvenient in the luminance measuring procedure
(see Section 1.3.2.7).
Standards: A white Krylon standard, being flat white
Krylon (enamel No. 1502) paint sprayed on optical glass identi-
cal to the bottom plate of the test cell, was employed as the
working standard. Preparation and comparison of working stand-
ards such as Krylon, Eastman barium sulfate and Whatman filter
paper are described in Section 1.3.2.4.
1.3.2.7 PROCEDURE
The following parameters were measured at different time
intervals during the formation process:
(a) luminance of test cell and standard
(b) cell temperature
(c) potential of the positive plate under load
(d) conversion.
The luminance of the rear side of the positive plates was
measured in triplicate against the Krylon reflectance standard
on the (36°/50°) device. The luminance factor (in percentages)
was calculated by dividing the obtained photovoltage of the
test cell by the obtained photovoltage of the standard:
(78)
P(36',50°) =
standard
No absolute standard was available, so that only the relative
luminance factor has been calculated.
The temperature was continuously monitored with an iron-
cons tantan thermocouple connected with a digital voltmeter
(Hewlett-Packard Model 3430A) and a Moseley chart recorder
(Model 680) as read-out. The potential of the positive plate
under load was measured with respect to a cadmium reference
electrode in the form of a cadmium rod in a glass tube. The
cadmium reading indicates the completion of forming of the
positive plate (1). A Keithley electrometer (Model 610C)
served as voltmeter for this reference electrode. By using
a small dental mirror, the conversion of the illuminated area
of the positive plate was estimated visually.
1.3.3 RESULTS OF LUMINANCE MEASUREMENTS
1.3.3.1 RESULTS OF FORMING
The relative luminance factor, P, has been measured at
the back side of the positive lead-acid plates for three current
densities during complete forming of the plates. The data are
shown in Figures 1.3-4 to 1.3-7. The results for the four
cells are summarized in Table 1.3-3.
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Table 1.3-3
LUMINANCE DATA OF EXPERIMENTAL CELLS
Test
Cell
6-QG
5-OG
3-OG
7-OG
Thick-
ness
Glass
Plate
(mm)
2
2
1
2
Thick-
ness
Pos,
Plate
(mm)
0.59
0.48
0.58
0.55
Forming
Current
Density
(mA/cm )
1
3
5
5
Forming
Time
(hours)
45
17
6
Incom-
plete
P
"Dry
(%)
85.7
81.9
94.5
85.5
P
Initial
(%)
74.1
70.7 .
72.6
72.0
P
Final
a)
60.0
60.9
54.3
•
Total
Change
(°/\\'°)
12.3
11.6
13.4
--
1.3.3.2 DISCUSSION
At open circuit, the chemical composition of the plates
may change by chemical reactions taking place during soaking
in siilfuric acid. This may result in different initial values
of the luminance at the beginning of the forming process.
Other reasons for this difference may be inhomogeneities in
the paste caused by poor mixing and non-reproducible viewing
at the detection spot. It is easily seen from the luminance
factor P in the dry condition (see Table 1.3-3) that the
amount of active material observed by the luminance device is
not constant. By using a smaller detection area, this non-
(80)
reproducible behavior may be reduced, but will increase the
influence of the inhomogeneities in the paste. Longer soaking
time will make the paste more homogeneous, but leads to cell
failure because of the role played by chemical sulfation re-
actions resulting in expansion of active material. The stressed
active material comes off the supporting glass plate and lumin-
ance measurements become impossible. This accounts for the
failure of cell 4-OG with a soaking time of 24 hours.
2
Formation at _1 mA/cm (Cell 6^ 0G_) : The relatively steep
drop in the value for f3 in the first hour is caused by con-
version of active material., starting in a region where the
poorly conducting paste contacts the conductive grid bars (see
Figure 1.3-4a). The progress of conversion inside the porous
plate should be investigated by taking micrographs of cross-
sections at different stages of formation.
The cell temperature, raised by the exothermic chemical
sulfation process during soaking, drops slowly during the pro-
gress of formation. The fluctuations are mostly caused by
minor heating effects of the microscope lamp employed in the
luminance device (see Figure 1.3-4b).
The conversion, estimated by visual observation (see
Figure 1.3-4c), is in agreement with the measured luminance
change at the back side of the electrode.
2
Formation at 3^ mA/cm (Cell .5-OG) : Behavior .similar to
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Figure 1.3-4: (a) Changes in relative luminance
factor in percentages (with Krylon reflectance
standard) during formation at 1 mA/cnr of a
positive lead-acid plate (d = 0.58 mm) in 1.07
sp.gr. H2S04 (A). (b) Changes in cell tempera-
ture in °C ( -f ). (c) Estimated conversion in
percentages at the back side of the positive
plate (O).
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o
that of cell 6-OG has been obtained at 3 mA/cm . The value
of the plate potential under polarization (the cadmium reading)
has been plotted in Figure 1.3-5. Prior to formation, the
grid is the only conducting element of the plate. At the start,
the true current density 'is large, owing to the small area of
the grid. The value of the cadmium reading, therefore, is high.
During the progress of formation, the surface at which the
electrochemical process may proceed increases and the current
density will decrease, leading 'to a decrease of the cadmium
reading. This probably occurs within the first 60 minutes.
Subsequently, the plate potential remains at a comparatively
constant value. After about 17 hours, the formation is complete,
as indicated by a constant cadmium reading and visual observa-
tion of the back side of the positive plate. •
2
Formation at .5 mA/cm (Cell .3-OG; Cell Z'PG) : Figure
1.3-6a shows the relative luminance factor during the complete
formation of 6.5 hours. The estimated conversion curve (see
Figure 1.3-6b) is completely in agreement with the measured
luminance change at the back side of the electrode.
Figure 1.3-7 shows the relative luminance factor during
a partial formation of two hours. Figure 1.3-8 confirms that
the formation proceeds by zones. The 2 mm spacing is across
the narrow direction between grid bars shown in Figure 1.3-1.
(83)
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Figure 1.3-5: (a) Changes in relative luminance factor
in percentages (with Krylon reflectance standard) dur-
ing formation at 3 mA/crn^  of a positive lead-acid plate
(d = 0.48 mm) in 1.07 sp.gr. H2S04 (Q). (b) Changes
in cell temperature in °C (-*•). (c) Change in plate
potential in volts (with respect to the Cd electrode)
under load (X). (d) Estimated conversion in percent-
ages at the back side of the positive plate (©)„
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Figure 1.3-6: (a) Changes in relative luminance
factor in percentages (with Krylon reflectance
standard) during the complete formation at
5 mA/crn^  of a positive lead-acid plate (d - 0.58
mm) in 1.07 sp.gr. H2SO^ (@). (b) Estimated
conversion at the back side of the positive
plate (O).
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Figure 1.3-7: (a) Changes in relative luminance in
percentages (with Krylon reflectance standard) during
the partial formation at 5 inA/cm of a positive lead-
acid plate (d = 0.55 mm) in 1.07 sp.gr. H2SC>4 (©).
(b) Changes in cell temperature in °C (-J-), (c) Change
in plate potential in volts (with respect to the Cd
electrode) under load (X). (d) Estimated conversion
in percentages at the back side of the positive plate (O).
(86)
Figure 1.3-8 Formation of positive lead-acid
plate, showing progression by
zones. The 2 mm spacing is across
the narrow direction between grid
bars shown in Fig. 1.3-1. The top
layer is residual PbSO^. The zonal
growth of PbC>2 is clearly shown,
starting from the lead grid side
most remote from the negative.
(87)
The top layer is residual PbSO,. The zonal growth of PbO is
clearly shown, starting from the lead grid side most remote
from the negative. This two-dimensional aspect of current den-
sity distribution has not yet been treated analytically. Upon
switching on the polarization, those parts at the grid bars
which are closest to the backing glass plate are converted
first to Pb02. With the progress of formation, the zones sub-
sequently grow inwards in the paste (see also reference 5).
The advancing PbCL zones from two neighboring bars approach
each other in the interior of the paste.
1.3.4 SUMMARY AND CONCLUSION
The luminance technique has been applied to the forming
of positive porous lead plates in a two-plate miniature cell
with 1.07 sp.gr. H2SO,.
The preliminary luminance measurements were performed
2
at three forming current densities: 1, 3, and 5 mA/cm
respectively, until complete conversion at the back side of
the positive plate was obtained.
A new luminance device (design II) has been employed with
a 36°/50° geometry, optical pyrex glass parts and operational
amplifier. The luminance was measured in triplicate
against a white Krylon standard. Cell temperature and positive
plate potential (cadmium reading) were continuously measured.
(88)
The total luminance change of 12 to 1370 associated with
the color changes caused by the forming process proved clearly
that the luminance technique was able to determine the con-
version at the back side of the positive plate.
Technical reproducible model electrodes of the lead-acid
type with constant plate thickness, grid spacing and wax layer
are difficult to manufacture, so that comparison between the
different plates is not yet possible.
Cadmium readings proved to be reliable for the indication
of complete forming of the positive lead-acid plates. Since
the formation products contrast in color, determination of the
distribution within the plate may be obtained by microscopic
observations of cross-sections of a plate segment between two
grid bars at different stages of formation.
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2. TRANSPORT STUDIES
2.1 AN IMPROVED MODEL FOR CAPILLARY DIFFUSION
WITH NO EXTERNAL STIRRING *
2.1.1 INTRODUCTION
In engineering practice/ the diffusion coefficient enters
into important parameters for mass transport correlations such
as the Schmidt and Sherwood numbers. .The importance of diffusion
coefficient to Electrochemical Engineering is associated directly
with the limiting current density of all electrode reactions.
The several methods available for the calculation and measure-
ment of diffusivity have been amply reviewed (1,2,3,4). Of all
the methods for diffusivity measurement, the capillary technique
is the most universally adaptable, provided some analytic method
exists for the determination of the chemical concentration in
the problem of obtaining accurate diffusivity data is associated
with the hydrodynamic conditions which prevail at the capillary
mouth. Anderson and Saddington (5) are generally credited with
introducing (1949) the capillary method. They performed studies
of diffusion without stirring, but analyzed results according to
* Section 2.1 has been accepted for publication in the
Journal of the Electrochemical Society.
(90)
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a treatment which implies a stirred fluid at the capillary mouth.
This procedure will lead to calculated diffusivities which are
less than the true value. Where attempts have been made to
utilize stirring to insure the proper concentration boundary
condition at the mouth of the capillary, further difficulties
have arisen because of hydrodynamic effects. When real liquids
stream along an interface which suddenly gives way to a change
in cross section such as at the lip of the capillary, a substan-
tial pressure gradient occurs, forcing liquid into the capillary
and removing a small amount of more concentrated solution from
the mouth. The apparent diffusion coefficient thus measured is
invariably Loo great. This phenomenon is generally known as the
A^ effect and has been empirically studied by Borucka (6), Berne
and Berggren (7) and Nanis, Richards and Bockris (8). For very
long diffusion times, it would be expected that these two cases
would converge. Such a recourse, however, would be experiment-
ally most inconvenient.
An apparent solution to this dilemma would be to use an
i
experimental technique with no stirring, to eliminate the AA
effect, together with a model of the diffusion process which
takes into account the true boundary conditions at the mouth of
the capillary. This paper presents a method for precise pre-
diction of the diffusion coefficients by using a capillary with-
out stirring. A computer simulation of the diffusion process
(92)
without stirring provides a procedure for the estimation of
diffusion coefficients from the residual amount in the capillary
at any time. The results may also be used to correct literature
values of diffusivity where no stirring has been used experiment-
ally but results fitted to the "stirred" equation.
2.1.2 MATHEMATICAL FORMULATION
The diffusion of electrolyte from a capillary to an external
bulk solution as shown in Figure 1 is governed by Eqn. 1, in
which diffusivity is assumed to be constant and the follox^ing
dimensionless parameters are introduced:
C
 i
 r -
 x
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C0 L L L L2
where
c = concentration of diffusant
' co = initial concentration of diffusant inside the
capillary
L = length of the capillary
D = diffusivity
t = time
In the region 0 5 n < 1» the diffusion is assumed to be one
dimensional, governed by
fan2 [Eqn.. 1]
(93)
The subscript 1 indicates the region where one-dimensional
diffusion prevails. The zero flux boundary condition at
the closed end (n = 0) of the capillary is
/'liA =0; n = 0, T >- 0 [Eqn. 2]
The initial condition is
(|>1 = l ; 0 £ n - l f T = . 0 [Eqn. 3]
In the region n > 1, for the absence of convection, the
diffusion is three-dimensional. The three-dimensional ver-
sion of the diffusion equation is
*-•«
The subscript 3 refers to the three-dimensional region.
The boundary condition is
<j> 3 = 0; n - * " 0 0 / £ -»• °°/ $ •»• °°f T ^ L O [Eqn. 5]
The symmetry of diffusion perpendicular to the axis
of the capillary gives
= 0 , /!§1\ = 0 ; C = 0 , B = 0 , . n > l , T > 0
3
 [Eqn. 6]
The initial condition is
4>- = 0; n > lr 0 5 £ < °°, 0 < g 5 « , T = 0 [Eqn. 7]
(94)
At the mouth of the capillary (n = 1), where one- and three-
dimensional regions join, equality of fluxes gives
at n = i, ? = o, 3 = o
and T £- 0 lEqn. 8]
.The boundary conditions given here implicitly contain the
assumption that the capillary mouth is a point source for
the three-dimensional region, rather than an actual disk.
The error arising from this assumption will be minimal unless
the capillary diameter is a significant fraction (several
percent) of the length.
2.1.2.1 FINITE DIFFERENCE FORMULATION
An explicit form of the finite difference equation (9)
was used to represent Eqn. 1-8 for both one-dimensional and
three-dimensional regions.
Let i = index for the step movement in x direction
(i = 1,2,3,...)
j = index for the step movement in y direction
V
 = n ii ii it • ii ii ii n „ " "
n = time
AT = step increment in dimensionless time
An = step increment in n direction
A3 = " " " " 3 " "
* C
 = « n n n r- n n
(95)
M = —^— : number of grid points in the capillary
X = AT
1
 (An)2
i - _Al_x, -
(A3)2
X = AT
3
 (A?)2
For the one-dimensional diffusion region, 0 . < n < 1,
Eqn. 1 becomes
*i,lfl,n +
where
At the closed end of the capillary (i = 1) , the zero
flux boundary condition (Eqn. 2) leads to
The initial condition (Eqn. 3) becomes
<J>. , = 1 [Eqn. 11]
-L , J. / i , U
For the three-dimensional diffusion region, n > I/
O S S - 0 0 , 0 - 3 - 0 0 / Eqn. 4 becomes
(96)
*i,J.k.n+l * (1"2X' - 2X> - 2X3> +i,J,K.n
n, , , ) for i > — ' [Eqn*An
Boundary conditions (Eqn. 5,6) are
<j>. . , =0 as i -> °°, j -»• °°, k ->- oo [Eqn. 13]3-f D /*/n
*i,0,k,n = *i,2,k,n
m, • ~ ==d). • *vYi,3,0,n Ti,;j,2,n
For simplicity, the capillary is considered as a
drilled hole in a block. In order to account for the im-
permeable plane at the mouth level, n = 1/ £ > 0, 3 > 0, the
following statement allows for zero flux perpendicular to the
plane by the use of imaginary points below the plane, e.g.,
4U..T • i = < & • , . , [Eqn. 16]YM+l,j,k,n TM-l,Dfk,n
The initial condition given by Eqn. 7 becomes
^ i i k n = 0 a s T = . 0 , i > -=—, O f j < ° ° , 0 < k < ° °
[Eqn. 17]
At the junction of the one- and three-dimensional
regions just at the capillary mouth (i=M, j = l , k=l),
Eqn. 8 becomes
(97)
*M,2,l,n + *M,l,2,n
4 „
[Eqn. 18]
Eqn. 18 is based on implicit finite difference approximation,
together with the assumption of equal spacing in the three-
dimensional region .(An = A£ = A3) .
2.1.2.2 COMPUTATION
Stability of the finite difference calculations re-
quired (9) that Ax, A 2 and A3 be smaller than 0.5. Ten grid
points in the capillary (An = 0.1) and a dimensionless time
increment of AT = 2 x 10 were first used for the calcula-
tion except at early time (T - 0.001) where twenty grid
points in the capillary were used to improve the computation
of the average concentration by smoothing the concentration
in the region 0 £ n - 1. The same step size (An = A3 =
A£ = 0.1) was used in the three-dimensional diffusion region
(Eqn. 12 to 17) . Computation of the dimensionless concen-
tration at all grid points was .carried out as the dimension-
less time, T, increased to 1.5. The dimensionless concen-
trations in the three-dimensional diffusion region were cal-
culated step by step from the mouth of the capillary to the
infinite medium. However, computation was cut off and moved
to the next time step when the dimensionless concentration, <J>,
at grid points became less than a pre-set value which, in
— "»
this calculation, was chosen as 1.0 x 10 . Trial and error
(98)
procedure showed that this value is the largest which can be
neglected without affecting the final result for <t>ave' In
this way, the actual computing time was reduced to about a
quarter of that required to compute the concentration at
every grid point out to ri = 2.5. A computer time of about
ten minutes was required to carry out the calculation to
T = 1.5 on the IBM 360/75.
Convergence was tested by reducing the time increment,
X, checking for changes in concentration profile and by
checking the computed average concentration in the capillary
as a function of dimensionless time with the analytical
solution (Eqn. 19) for the case of diffusion with stirring
and also one-dimensional diffusion along the axis of the
capillary without stirring (Eqn. 22), the two limiting cases
discussed below. The smallest time increment used (AT =
— "*
1.5.x 10 ) provided for convergence of numerical results
and also gave excellent agreement with analytic solutions
for the fast and slow limiting cases. In Fig.-2, computer
results are sho.wn as points for comparison with the analytic
limits given by Eqn. 22 for the slowest possible bound and
Eqn. 19 for the fastest limit.
2.1.2.3 ANALYTIC SOLUTIONS FOR FAST LIMIT
Anderson and Saddington (5) gave a solution to Eqn. 1
with Eqn. 2 and 3 as boundary conditions which describes the
average concentration remaining in the entire capillary at
(99)
time t with the concentration at the mouth, of the capillary
maintained at zero. The solution, Eqn. 19, permits the
evaluation of a diffusion coefficient, D, for the limiting
case of fastest extraction from the capillary.
oo -(2n+l)2 TT2 T
w - -IT z li^ iF e 4
A result entirely equivalent to Eqn. 19 may be obtained by
the use of Laplace transform methods (9) and is much more
useful for small time, although different in form.
- -
 er
n=l
[Eqn. 20]
It may be readily determined that the entire summation in
Eqn. 20 may be ignored for times v.'hich are small, i.e.,
where the criterion T < 0.06 is valid." The first term with-
in the large brackets in Eqn. 20 represents the limiting
case equivalent to diffusion out of a semi-infinite region.
Thus, for small time, Eqn. 20 simplifies to
*ave = 1 - -T7T T ^  lE(2n- 213
TT V
2.1.2.4 ANALYTIC SOLUTION FOR SLOW LIMIT
By making no provision for sideways (radial) spreading
of diffusant in the no-stirring case, an estimate is possible
A
for a hypothetical slowest extraction of diffusant as though
(100)
it moved-outside the.capillary in a .virtual constrained
tube within the exterior liquid. By the use of Laplace
transform methods with the diffusion equation (Eqn. 1) to-
gether with only one boundary condition, given by Eqn. 2
(no restriction on the capillary mouth concentration), the
concentration as a function of distance and time may be
readily obtained. The solution is
_ 1
/2 I S\ T -,
-erfc —^- [Eqn. 22]
For small times, the decreasing exponential and complementary
error function terms in Eqn. 22 are very small and may be
ignored in favor of the approximation
'ave
If it were possible to arrange the bounded one-dimensional
diffusion into the external liquid, Eqn. 23 would describe
.the. actual amount remaining in the capillary for small time.
The diffusant actually spreads beyond the constraining en-
velope for the case of three-dimensional diffusion with no
stirring, thus providing for a more rapid removal of mate-
rial than the one-dimensional bound given in Eqn. 22. Thus,
the "actual" amount remaining given by Eqn. 23 appears to be
associated with a smaller apparent diffusivity for the same
4>ave substituted in Eqn. 21, valid for stirring.
Using the "actual" diffusivity for the no-stir, one-
dimensional treatment as Dact in Eqn. 23 and calling the
(101)
apparent' diffusivity computed from Eqn. 21 Dappt, equating
amounts in the capillary gives as a limit at short time
= 0.25
Dact
This bounding lowest possible value is indicated in Fig. 4
and provides a limit for the negative error in D measure-
ment introduced by using Eqn. 21 (incorrectly) without the
necessary stirring conditions.
2.1.3 RESULTS AND DISCUSSION
Table I gives the values from the numerical computation
for three-dimensional diffusion from a capillary into a
stationary bulk solution. The results of the slowest possible
bound, Eqn. 22, and the fast- stirred bound, Eqn. 20, are
shown together in Figure 2. There is a surprisingly similar
behavior of <J>ave vs> T ^or t i^e true extremes; of stirring (Eqn.
20) and the non-stirred three-dimensional computed result. As
shown in Figure 3, curves of concentration vs. distance at
selected values of T bear a close resemblance to the shape ex-
pected for stirring conditions at the mouth. Even without stir-
ring, the concentration gradients just at the mouth show a nearly
similar flux behavior.
»
If stirring is not provided in an actual experiment, the
apparent value of D computed using Eqn. 20 (zero boundary condi-
tion) will clearly be less than the true value of the diffusion
(102)
coefficient! These negative errors arising from misuse of
Eqn. 20 with <J>ave for no stirring are listed in Table I as
D /D . A plot of D VD _ vs. A is given in Figure 4.
appr act v appr act Yave & &
The lower limit (for <J>ave > 0.95) of the ratio was not determined
because of program time interval limitations.
creases from 0.6 to 0.93 as the concentration of material remain-
ing in the capillary decreases towards zero. Thus, if sufficient
time elapses, diffusivity measurements may be made to within a
close approximation of the correct value even if an incorrect
equation for <j>ave vs. T is used with no stirring, as expected.
For a 3 cm long capillary and diffusion coefficient on the order
_ f .0
of 5 x 10 cm /sec, a misapplication of Eqn. 20 for the non-
stirring case will result in less than 10% error only if the
diffusion proceeds for longer than 375 hours. For a diffusion
time of 32 hours, a 20% error will result from misapplication of
Eqn. 20. Using the results shown in Figures 2 and 4, however,
it is possible to back-correct data in the literature where
Eqn. 20 has been used incorrectly with no stirring conditions.
Furthermore, availability of these corrections implies that
experimental use of the capillary technique with no stirring
can be made to obtain accurate values of diffusivity and totally
eliminate the ambiguity associated with stirring and the A£
effect. Errors may still arise from natural convection effects
due to density differences between the diffusing and bulk solu-
(103)
tions. For very dense solutions, such effects may be consider-
able and make stirring a preferable recourse. Preliminary results
from an experimental test of the method indicate, however, that
this problem can be overcome. Final results from that study
will be the subject of a later communication.
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2.1.5 TABLE AND FIGURES
Table I
Numerical Results for <J>ave vs • T f°r Three-
Dimensional Diffusion Without Stirring
0.9398
0.9228
0.8848
0.8219
0.7737
0.6972
0.5077
0.3339
0.2231
0.1470
0.09684
0.06034
0.03949
0.02605
0.0048
0.0075
0.0153
0.0333
0.0513
0.0873
0.2160
0.3959
0.5699
0.7498
0.9298
1.134
1
 1.316
1.496
0.5929
0.6241
0.6810 .
0.7480
0.7840
0.8249
0.8778
0.9078
0.9175
0.9228
0.9261
0.9286
0.9309
0.9312
Dappt/Dact obtained by substituting computed <t>ave in
Eqn. 20 or Eqn. 21 to determine Dappt.
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FIGURE 1
Diffusion of electrolyte from
a capillary to an external
bulk solution
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2.2 MEASUREMENT OF ZINCATE PERMEATION IN A POLYETHYLENE
BATTERY SEPARATOR WITH CONTROLLED EXTERNAL
HYDRODYNAMIC CONDITIONS *
2.2.1 INTRODUCTION
The alkaline silver-zinc secondary battery is of consider-
able interest for space and other applications because of its
potentially high energy output per unit weight and volume.
Broader application of this battery has been limited because
of limited cycle life. Development of a battery separator
which will improve the performance and life of alkaline cells
has been and continues to be the focus of concerted efforts
in polymer science, in both formulation and production of new
materials.
The characterization of separator performance includes the
important factor of permeability of the membrane to electrolyte
ion constituents. The ^ermeability in turn reflects the
diffusivity of ionic species through the membrane matrix and any
interaction between permeant and membrane. In conjunction with
measurements such as electrical conductivity and porosity deter-
mination, the effective ionic diffusivity can ultimately be
used to correlate membrane microstructure and battery perform-
* Section 2.2 has been accepted for publication in the
Journal of the Electrochemical Society.
(110)
(Ill)
ance. Measurement of membrane permeability requires knowledge
of permeant ion concentration at both sides of the membrane in
the membrane phase, as well as the flux through the membrane,
from which effective diffusivity can be calculated from knowl-
edge of membrane thickness. Unfortunately, these membrane con-
centrations are not available from direct measurement, and
concentration in the bulk solution on either side of the mem-
brane are used, requiring an accounting of transport resistance
effects caused by depletion of diffusant in a solution-side
boundary layer adjacent to the membrane surface. For the usual
two compartment arrangement, the membrane is properly considered
as a transport resistance in series with two solution-side film
resistances. Clearly, the ideal situation is one in which the
solution-side resistances are negligible in comparison with the
diffusion rate control provided by the membrane.. Unless this
is known a_ priori, however, considerable error may be intro-
duced by neglecting the boundary layer resistances, particularly
in the very viscous solutions characteristic of battery electro-
*
lytes. Furthermore, as the goal of more permeable separator
materials is approached, the effect of boundary layer resistances
becomes increasingly important.
Techniques for the measurement of the diffusion of electro-
lyte constituents through membranes have been discussed by
Harris, Dirkse and Lander in separate chapters of a compilation
(112)
of screening methods for alkaline silver-zinc battery separators (1)
t
Each of the three methods for diffusion measurements considers /
essentially a two-compartment cell separated by the membrane.
Two of the three arrangements provided for rapid stirring on
the dilute side with no stirring in the concentrated solution
compartment, while the third method provided for no stirring
whatever. The lack of definition of the mass transport condi-
tions in the liquid immediately adjacent to the membrane is
undesirable, since the truly fundamental parameter of importance
is the apparent diffusivity of a particular ion in the separator.
Stirring, per se, cannot be "assumed to remove the liquid
resistances, unless repeated runs at several stirring rates
show no effect on ion flux. A classical technique in chemical
engineering to determine such parameters is the Wilson plot (2) ,
which is usually found in the heat transfer literature. An
application of this method to membrane permeability was made by
Leonard and Bluemle (3) for artificial kidney dialysis membranes.
Their data showed that even with rapid stirring in aqueous solu-
*
tion, the boundary layer resistances were not negligible. To
our knowledge, no application of this technique to battery
membranes has been made. The method requires quite lengthy
determinations, since repeated runs at many stirring rates must
be made. Furthermore, in order to properly characterize
membrane behavior, the apparent diffusivity should be measured
(113)
over a temperature range in order to obtain an estimate for
the activation energy. By comparison of such membrane results
with the free liquid diffusivity and activation energy, valuable
insights may be derived concerning the nature of ion-membrane
chemical interaction, if any.
A second approach, which has been used in the present
investigation, is to adopt a configuration for the permeation
cell in which the boundary layer resistances are known a priori
or measured in a separate experiment. The membrane permeability
can then be calculated by subtracting the solution-side resist-
ances from the overall resistance which includes the membrane.
-The geometry used here is that of a# membrane which rotates at
a fixed speed while simultaneously serving as a divider between
two compartments. For this rotating disk geometry, the film
resistance may be computed from a knowledge of the membrane disk
radius, the rotational speed, and the solution viscosity. In
addition, the free liquid diffusivity of the ion should be known.
Using such an apparatus, we have investigated the permeation of
zincate ion in 40% KOH solution through a polyethylene membrane.
The membrane material, designated as SWRI-GX, was manufactured
by the Southwest Research Institute for the Jet Propulsion Labora-
tory. It is polyethylene, grafted with acrylic acid and cross-
linked with divinylbenzene.
(114)
2.2.2 EXPERIMENTAL
2.2.2.1 PERMEATION CELL
The apparatus has been adopted from that used by Litt and
Smith (4) to study sodium chloride permeation through ion-
exchange membranes. In a preliminary study, Smith (5), using
a "membrane" of solid benzoic acid, showed that the rotating
membrane seal conformed quite closely to the prediction of mass
transfer theory for this geometry, after making suitable allow-
ance for edge effects. The technique was successful in separat-
ing boundary layer from membrane resistances and in determining
interactions between membrane and diffusant from temperature
determinations.
For the present study of zincate ion permeation in poly-
ethylene, the two-compartment cell with rotating membrane used
by Smith and Litt (4) was modified slightly for compatibility
with concentrated caustic solutions. The apparatus is shown in
cross section in Figure 1. The membrane support is machined of
polymethyl methacrylate (lucite) with a removable center section
0
(B and B1) which holds the membrane (A). A lucite ring (C)
screws flush against the surface of B to clamp the membrane
tightly, so that the exposed diameter of membrane is exactly
one inch. An "0" ring seals the membrane against leaks. An
aluminum ring gear (D), machined from a standard timing belt
(115)
gear, is glued with epoxy to the outer surface of the membrane
holder. The gear was first coated with Kymar, an alkali-impervious
vinylidene fluoride resin, to protect the gear in case of leaks.
The membrane holder seals to the faces of the lucite support
(E) with neoprene "0" rings (F). During runs, the "0" rings
are.lubricated with Dow Corning FS1281 lubricant to provide
smooth rotation. Dow Corning 111 lubricant was used as sealer
for the plastic components. Pressure of the rotating membrane
against the "0" rings is provided by a fixed; ring (G). Two
lucite chambers with volumes of 259 (H) and 295 (J) ml respect-
ively form the solution compartments, which are held to the
center support (E) with flanges and gaskets. Each compartment
is internally jacketed (not shown) for temperature control of
the bulk electrolyte by water pumped from a constant temperature
bath. A separate jacket adjacent to the "0" ring seal was used
to maintain constant temperature' and to remove frictional heat
in the vicinity of the membrane (not shown). 'Each electrolyte
compartment was also provided with a nylon stirrer (K) to main-
tain bulk concentration constant when taking samples and adding
electrolyte. The main rotor assembly was turned by a variable
speed 0-3600 Servotek motor and Boston gear 25:1 speed reducer
coupled to the ring gear (D) by a timing belt. With this appara-
tus, speeds up to 25 r.p.m. could be maintained with smooth
operation, with temperatures maintained constant to i"0.50C.
(116)
Chrome1-Alumel thermocouples were used to monitor temperature,
using a Keithley Model 160 digital voltmeter.
2.2.2.2 PROCEDURE
Membranes were pre-soaked in 4070 KOH solution for 24 hours
prior to use. After clamping of the membrane in the holder (B),
both chambers were filled with 4070 KOH, and the membrane was
set to rotate at a speed of 21.5 r.p.m. An impulse response
technique for step changes in the concentrated solution com-
partment was used to decrease the number of separate runs
needed to evaluate a given membrane. The permeation of zinc-
ate into the dilute compartment was monitored by analysis of
discrete samples removed at regular intervals. At the start
of a typical run, a step change of zinc concentration was
introduced into the concentrated compartment (H, henceforth
called compartment 1) by withdrawing a 100 ml sample of solution
and simultaneously replacing the same volume of 0.8M Zn in 40%
KOH. The stirrers (K) were activated for one minute to promote
*
uniform mixing.
For a given concentration in compartment 1, permeation
was allowed to proceed for 30 minutes. Samples of 1 ml were
taken from compartment 2 at two-minute intervals (started from
m
zero time) in the first six minutes and then at intervals of
five minutes for the rest of the run. One ml of 407«> KOH was
replaced for each sample removed from compartment 2 to maintain
a constant chamber volume. At the end of 30 minutes, a second
(117)
concentration step in compartment 1 was accomplished by removal
of a 100 ml volume rapidly followed by replacement with another
100 ml volume of 0.8M ZnO—40% KOH to provide a second step
rapid change. A third step was similarly accomplished.
Samples (1 ml) were also taken from compartment 1 in order
to monitor the step change of concentration. For each tempera-
ture studied, permeabilities were examined for the three zincate
concentration steps in a single run, provided that no leakage
had occurred and that the continuously monitored temperature
was in control, within i"0.50C from the set value. The absence
of leaks was verified at the end of a run by the absence of
coloration in compartment 2 following the addition of a few
drops of methylene blue to side 1. The step changes in side 1
and resulting changes in compartment 2 are shown in Figure 2
for a typical run at 21.5°C.
•
2.2.2.3 ZINCATE ANALYSIS
A Varian AA-120 atomic absorption spectrophotometer was
used for analysis of zinc concentration. For calibration with
known concentrations and for use with actual samples, a
neutralization procedure was followed to prevent attack of the
titanium burner slit by hot alkali. The 1 ml samples were
added to 19 ml of 2.47» nitric acid and were well mixed, neutral-
izing the alkali and reducing the viscosity of the resulting
(118)
solution, thus avoiding attack and clogging of the AA-120
burner slit. The 20-fold dilution of the zinc was still well
within the sensitivity of the analysis. To further reduce
analytical error, .at least three aliquots of the diluted
sample were sprayed into the machine consecutively, with the
absorption signal monitored continuously on a strip-chart re-
corder. The average value of the three readings was then used to
determine Zn concentration by comparison with a standard-cali-
bration curve. A new calibration was prepared for each series
of determinations to compensate for changes in lamp and flame
conditions. Calibration curves of absorption vs. concentration
were linear, facilitating interpolation.
2.2.2.4 MEASUREMENT OF MEMBRANE THICKNESS
The wet membrane thickness is of importance in determin-
'ing the steady state concentration gradient and thus the permea-
•
tion flux. A simple microscope method was used to determine
the thickness of a wet, swollen membrane without actual contact.
A piece of optically flat glass marked with black ink on both
sides was used to calibrate the microscope height measurement.
By focusing the microscope on the bottom and top surfaces of
the glass plate, a scale reading was measured corresponding to
the thickness of the glass plate (measured by micrometer to
0.0001 inch). At a magnification of 262.5, ten scale-divisions
(119)
of the height adjustment corresponded to 0.001 inch. The dry
membrane thickness was measured by micrometer to be 0.0011 inch.
To measure the thickness of the wet membrane, the microscope was
focused alternately on the top.surface of the supporting glass
plate and on the top surface of the wet membrane placed on the
glass plate. The scale difference so obtained indicated that
the wet (40% KOH) thickness of the wet membrane was 0.00204 inch
at 25°C. The polyethylene GX material is reported to have a
typical wet thickness of 0.0014 inch when measured by contacting
methods which may cause compression of the wet membrane. Accord-
ingly, the present computations of diffusivity are based on
the optically-determined wet thickness as a truly representative
parameter.
In order to determine any effect of zincate concentration
on wet thickness, measurements were made on membranes soaked
for at least 24 hours at 25°C in 0.2M ZnO—40% KOH, 0.4M ZnO—
40% KOH, and 0.6M ZnO—40% KOH. No change in the thickness
of the membrane was detected over this concentration range.
This result is fortunate, since it implies that there will be
no unequal expansion of a membrane which has a concentration
gradient of zincate ion during active permeation in the apparatus,
Also, the thickness of both the dry and the wet membrane does
*
not measurably change with temperature, as determined at 16°C,
25°C, and 28°C.
(120)
2.2.3 RESULTS
In general, if two well-mixed chambers with the concentra-
tion of a permeant species in the first compartment much greater
than that in the second compartment are separated by a membrane,
the concentration of permeant in the second chamber will in-
crease with time. After an initial unsteady state period
during which the concentration gradient within the membrane is
established, a steady state, or rather, pseudo-steady state,
period will ensue and last as long as the concentration in the
first chamber is much greater than that in the second. This was
found to be the case in all runs, as indicated by a linear in-
crease of side 2 zincate concentration with time. Therefore,
depletion of side 1 is of no concern. The maximum concentration
of zincate in side 2 at the end of a run is still three orders
of magnitude less than the concentration in side 1, so that vir-
tually constant boundary conditions at either side of the membrane
»
are assured. Thus, the rate of change of zincate in the second
chamber (side 2) is given by .
V dc
- C) (Eqn.
-
where c, = zincate concentration, mol cm ", in chamber
with volume V, (side 1)
(121)
-3
c,, = zincate concentration, mol cm , in chamber
with volume V,., (side 2)
K = overall permeability, including resistance of
membrane and boundary layers on either side, cm sec
A = membrane area, cm .
The factor K includes the effective diffusivity and wet thick-
ness plus similar terms for the solution resistances. No de-
tailed information is needed for the actual zincate concentra-
tion just at the membrane surfaces. Since the flux is identical
through each region, i.e., boundary layer in side 1, membrane
and side 2 boundary layer, Eqn. 1 considers the- net driving
force as the concentration difference (c, - c,,) across the
three transport resistance regions in series. Eqn. 1 may be
further simplified, because c2« c, at all times and for all
experiments reported here. Also, dc~/dt is essentially con-
stant, so that Eqn. 1 becomes, solving. for K,
dcp
K = - - (Eqn. 2 )
where c,~ is the concentration in compartment 1 after intro-
duction of the step, dc^/dt is obtained as the slope of a
regression line fitted to the data, after correcting for the
volume changes involved in taking samples. Correlation co-
efficients for the slopes were all better than .99, indicating
(122)
excellent fit. Values of K for three different temperatures
and concentrations of zincate are given in Table I. A separate
membrane sample was used for each temperature.
2.2.3.1 CALCULATION OF MEMBRANE PERMEABILITY
The overall coefficient K in Eqn. 2 is related to the
membrane permeability by the relation
1/K = + 1/IC + 1/fc.
1 2
(Eqn. 3)
where Y^ is the membrane permeability and K, is the mass trans-
fer coefficient in the boundary layer on either side of the
membrane.
The rotating disk system has permitted theoretical predic-
tion of the mass transfer coefficient, 1C, in the fluid adja-
cent to the membrane, if the dimensions of the system, rotational
-speed of the disk, and fluid properties are known (5). The mass
trans'fer correlation is given in terms of the dimensionless
Reynolds, Sherwood, and Schmidt numbers as
Sh 0.544 Re1/2 Sc1/3 (Eqn. 4)
where
Sh V
D
2
t> r-coRe = ,
v
Sc = £
(123)
K, = mass transfer coefficient through the boundary
layer, cm sec
r = radius, cm
D = diffusivity of zincate in liquid, cm sec
co = rotational speed, sec
2 -1
v = kinematic viscosity, cm sec .
The numerical coefficient 0.544 in Eqn. 4 differs slightly
from that for a rotating disk in an infinite medium (0.662)
because of edge effects, and is based on the work of Smith (5).
a
In order to pre-calculate the mass transfer coefficient,
K, , for zincate in the boundary layer, the following property val-
ues were used. The density and viscosity of Lhe KGH-K.G system
at. temperatures of 25°C and 75°C have been reported by Klochko
and Godneva (6). Dirkse (7) has reported the density and
viscosity of saturated solutions of ZnO in aqueous KOH at 25°C.
Using these sparse data for the properties of ZnO/KOH-H-0 solu-
tions, and assuming that the density and viscosity vary linearly
with the content of zinc in the aqueous KOH solution and, further,
that they do not change very much in the temperature range of
11°C to 27°C, it is possible to apply Eqn. 4. For obtaining
— f\ ") — 11C from the Sherwood number, the value of 5.3 x 10 cm sec
for the diffusivity of zincate ion was used as found by Lu (8)
using a rotating disk method with 0.25M ZnO—23.4% KOH at 23°C.
-6 2 -1The value 5.1 x 10 cm sec at 25°C is used for the present
(124)
calculation of the mass transfer coefficient by adjusting Lu's
result for the viscosity of the 40% KOH solution. For the
temperature range 11-27°C and for the three zincate step con-
centrations up to 0.57M ZnO in 40% KOH, solution.density was
_3
essentially constant, ranging from 1.42 to 1.45 g cm depend-
ing on temperature and zincate concentration. Likewise, the
2 -1
kinematic viscosity was estimated to range from 0.0307 cm sec
at 17°C for.0.27M ZnO in 40% KOH to 0.0344 cm2 sec" at 0.57M
ZnO in 40% KOH. Because Eqn. 4'involves fractional powers of
the Schmidt and Reynolds numbers, the variations in properties
such as viscosity and density over the range of temperature
and zincate concentrations studied are not greatly significant.
h
Accordingly, the term Re varies from 10.7 (at 11°C, 0.27M
ZnO) to 10.2 (at 27°C, 0.57M ZnO). The term Sc1/3 varies
from 18.4 to 19.0 in the same range. At the rotational speed
of 21.5 r.p.m., the Sherwood number varies even less in this
-range, from 107 to 105, and the side 1 mass transfer coefficient
is taken for all computations as an average value of 4.27 x
-4 -110 cm sec . The mass transfer coefficients in side 2 do
not vary because the concentration of zinc is so small that
the transport properties of 40% KOH were used to compute a
value of 4.5 x 10" cm sec for K, . Although the approxima-
2
.tions used here are rough, they are justified given the sparsity
(125)
of property data, since the values of the solution- side coeffi-
cients are roughly twenty times greater than the overall permea-
bility, so that small errors in K, and K, will not greatly •
Dl D2
' influence the calculated values of
The permeation coefficient of the membrane can be calcu-
lated from the measured overall permeation coefficient and the
mass transfer coefficients (K, and K, ) through the boundary
bl D2
layers by using Eqn. 3. In the present study, the correction
for the liquid boundary layers is a non-negligible 1070. The
effective diffusivity can be calculated, therefore, by multiply-
ing the membrane permeation coefficient by the wet membrane
thickness. It is understood that the resulting values of
effective diffusivity include not only the actual diffusivity
of permeant in the membrane matrix, but also any effect of
distribution or partition coefficient between the free solution
• phase concentration and the membrane phase concentration. If
such an effect is large, one might expect to find a large de-
pendence of Km on zincate concentration. Average values of the
effective diffusion coefficients for each temperature are
shown in the last column of Table .1 to be on the order of
-7 2 -110 cm sec . The diffusivity of zincate ion in the mem-
brane is less than the free liquid diffusivity by a factor of
about twenty.
(126)
Although there is considerable scatter in the results,
which is most probably due to using a different membrane sample
for each temperature, it is clear that diffusivity of zincate
in the membrane increases with increasing temperature, but
appears to be independent of zincate concentration over the
range used. From the data, the best value of diffusivity acti-
vation energy is 6 _3 kcal/mol (p = .05). Because of the wide
confidence interval, no definite statement can be made about
permeant-membrane interaction, since the value straddles the
range for free liquid diffusivities, and more definite state-
ments will have to await compilation of additional data. If it
can be assumed that no permeant-membrane interaction takes place,
the reduction in diffusivity can be attributed to reduced area
for permeation, or to average pore lengths being increased due
to tortuosity in the membrane, or both. A tortuosity factor of
2 would indicate a ten-fold reduction in free permeation cross-
section, which is of the same order of magnitude reported by
Smith (5) for polyethylene and ion exchange membranes. There are
no independent data on tortuosity or pore size for the membrane
used in this study with which to compare these results. Such
data would be extremely useful and will be obtained in future
studies.
(127)
2.2.4 SUMMARY AND DISCUSSION
Effective diffusion coefficients of zincate ion through'
an acrylic acid grafted and divinylbenzene cross-linked poly-
ethylene membrane in 40% KOH solution were determined as a
function of temperature with various zincate concentration
gradients across the membrane by using an impulse-response
technique on a rotating disc system. This technique permits
determination of the diffusion coefficient in a suitably short
time on the order of 30 minutes once the equipment is assembled.
Extremely useful features of the method are (1) the ability
to pre-calculate the solution-side transfer resistance, (2)
the capability of studying concentration effects for the same
membrane, and (3) the capability of studying the same membrane
at various temperatures. These features are helpful in char-
acterizing the quality of battery separator material.
There is a scarcity of polyethylene membrane permeation
data against which to compare the present results. Lander (1)
has determined the permeation rate of zincate ion in 45% KOH
solution through a low density polyethylene membrane grafted
with acrylic acid at room temperature by using a stationary
diffusion cell. From the data, an average permeation coefficient
of 2.4 x 10 cm sec is calculated. This value is about ten
times smaller than the present results but is not strictly
(128)
comparable, since (1) the material studied by Lander was cross-
linked first and then grafted, and (2) no stirring was pro-
vided on side 1. A closer comparison may be made with data
obtained by Adams and Harlowe (9) for the typical SWRI pro-
duced GX polyethylene used in the present study. They used an
arrangement similar to that of Lander (1) but included stirring
for both side 1 and side 2 (10). Using the wet thickness re-
ported by Adams and Harlowe (1.4 mil) with their measured (25°C)
— f\ —") — 1
permeation rate of 2.39 x 10 mol in min , the effective
— 8 9 — 1
diffusivity is 2.2 x 10 cm sec . Using their permeation
rate with the present optically-determined wet thickness
_o 9 _•)
(2.04 mil), the effective diffusivity is 3.2 x 10 cm" sec ~,
about one-fourth of that reported here, interpolating from the
«
data in Table I for 25°C. This discrepancy may be due partly
to solution-side resistances which could not be completely
eliminated in the apparatus of Adams and Harlowe. It is unlike-
ly to account for the entire difference, since such a large
solution-side resistance in their study would imply a large
(1 cm) film thickness, which is improbable given that some stir-
ring is reported to have taken place. The remaining difference
is no doubt due to variations in material, even if prepared in
a similar manner. Adams and Harlowe report large differences
in zincate permeability with small changes in amount of grafting
(129)
and cross-linking agents, so that differences of the order of
magnitude noted would not be unusual. .
It is clear, however, that attention should be directed
to improved characterization of the solution-side resistances.
The presently used disk arrangement has, in addition to known
values of K, and K, , the advantage of uniform accessibility
1 2
or constant boundary layer thickness (constant K) over the
entire membrane surface (5). Other types of flow cells.may also
be used to predetermine K, based" on known mass transport geome-
tries such as unidirectional flow in a flat channel past a
flat plate (11). Local variations in K, such as the greater-
than-average value at the leading (upstream) edge of a sheet
membrane are a minor penalty compared with the great advantage
of predictability of K,.
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2.2.6 TABLE AND FIGURES
Table I
Membrane Transport Parameters
T O f!» V,
11
17
17
17
21.5
21.5
21.5
27
27
C10xlO
Hg Zn/ml
2.45
1.845
2.793
3.52
1.868
3.06
3.75
1.868
3.06
Dm
KxlO5
cm/sec
1.321±.016*
1.953±.041
1.739±.043
2.077±.089
1.929±.073
1.706±.073
1.880±.173
2.376±.066
2.338±.250
1^ x10"
cm/sec
1.405
2.149
1.889
2.295
2.114
1.850
2.058
2.663
2.618
cm /sec
x 108
7.28
11.15
9.80
11.90
11.05
9.60
10.80
13.85
13.60
where
= Permeation coefficient of zincate through membrane
Dm = Diffusion coefficient of zincate through membrane
Range calculated for 9570 confidence limits of slope of
regression line.
NOTE: A concentration of 2.45 x 10
 ug Zn/ml corresponds to
0.375M ZnO.
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FIGURE 1
Schematic Arrangement, Rotating Permeation Cell
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FIGURE 2
Concentration vs. Time for Permeation at 21.5°C
